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Abstract

Although the Information and Communications Technologies (ICT) sector can

play a fundamental role in enabling a low carbon economy, the energy and car-

bon impact of the sector itself is significant and is expected to grow rapidly with

the proliferation of devices connected to the Internet and emergence of new ser-

vices. The energy consumption of the ICT sector can be divided in: (i) energy

consumed by the user devices, (ii) energy consumed by the telecommunication

network infrastructure, and (iii) energy consumed by the data centers. Even if

end-user devices (such as computers, printers, etc.) are the major contributors,

the sum of the energy consumed by the telecommunication networks and data

centers is today estimated to be more than a half of the total ICT energy con-

sumption. With the expected growth in the Internet and data center traffic the

energy consumption of telecommunication networks and data centers is destined

to drastically increase if the energy efficiency would not be improved. In this

work energy efficient network architectures for telecommunication networks and

data centers are proposed and analyzed.

Telecommunication networks can be divided into three domains: (i) access,

(ii) metro, and (iii) core. Core networks are the central part of the network

hierarchy, providing nationwide or global coverage, and are based on optical

transmission technologies. They contribute significantly to the energy consump-

tion of the telecommunication infrastructure since they must support very high

capacities. To increase the energy-efficiency in optical core networks, in the first

part of the thesis a novel core network paradigm, referred to as Hybrid Optical

Switching (HOS), is presented. HOS integrates optical packet, burst, and circuit

switching on the same network and envisages the use of two parallel switches, a

slow optical switch for the transmission of circuits and long bursts, and a fast

switch for the transmission of packets and short bursts. The most appropriate
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switching method is selected for the traffic generated by different applications

and the less power consuming elements are utilized for transmission, ensuring

flexibility, QoS differentiation, and low energy consumption. The HOS archi-

tecture is analyzed and compared with traditional solutions based on electronic

switching through a combined simulation and analytical approach. Results show

the effectiveness of the proposed solution.

The energy consumption of a data center is divided in (i) energy consumed by

the ICT equipment, (ii) energy consumed by the cooling system and (iii) energy

consumed by the power supply chain. According to the latest specifications data

centers are designed in such a way that the ICT equipment consumes nearly

all the energy within the data center. As a consequence, major energy savings

in modern data centers can be achieved by reducing the energy consumption

of the ICT equipment and in particular the energy consumption of the internal

interconnection network. To this aim, in the second part of this thesis two novel

optical switched data center interconnects are proposed. The first, referred to

as HOS data center (HOSDC) interconnect, is based on the HOS switching

paradigm while the second, referred to as Elastic Optical Data Center (EODC)

interconnect, is based on the elastic optical networking concept. The energy

consumption of the two architectures is evaluated in order to show the advantages

with respect to existing solutions. Finally, an integrated all-optical network that

provides both intra-data-center and inter-data-center connectivity together with

interconnection toward legacy IP networks is proposed for achieving high overall

energy improvements.
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Chapter 1

Introduction

Tackling climate change is a huge challenge for the world and an increasing issue

in political agendas. The Information and Communication Technology (ICT)

sector can make an immense contribution to low-carbon development through

the deployment of innovative products and applications that provide the same

or better service while significantly reducing carbon emissions. However, the

energy and carbon impact of the ICT sector itself is already significant and is

expected to expand rapidly over the coming decade due to the rapid proliferation

of devices connected to the Internet and emergence of new services. According

to the International Telecommunications Union (ITU), the ICT sector is today

responsible for about 2.5% of the global Greenhouse Gas (GHG) emissions and

its impact is expected to nearly double by the year 2020 [1]. Therefore, there are

many efforts to improve energy efficiency in communication networks, ranging

from the component technology to the architectural and service level approaches.

The energy consumption of the ICT sector can be divided in: (i) energy

consumed by the user devices, (ii) energy consumed by the telecommunication

network infrastructure, and (iii) energy consumed by the data centers. The user

devices include Personal Computers (PC), portable devices (e.g. laptops, tablets

and smartphones), peripherals, and printers and are the major contributor to

the energy consumption of the ICT sector, accounting for 49% of the total [2].

On the other side, the telecommunication network infrastructure and the data

centers are responsible together of 51% of the total energy consumption of the

ICT sector, i.e. more than a half of the total. With the expected growth in the

9



10 CHAPTER 1. INTRODUCTION

Internet and data center traffic [3, 4] the energy consumed by telecommunica-

tion networks and data centers is destined to drastically increase if solution for

increasing the energy efficiency would not be taken into account.

This thesis addresses the energy consumption of telecommunication networks

and data centers and proposes new energy efficient architectures based on op-

tical technologies that can cope with the increasing Internet traffic demand in

a sustainable way. The rest of Chapter 1 is organized as follows. In Section

1.1 we give an overview of energy issues in current core network architectures

and we point out the contribution of the thesis in this area. In Section 1.2 we

address the energy limitations of current data center architectures and highlight

the contribution of the thesis in this area. Finally, in Section 1.3 we describe the

structure of the thesis.

1.1 Telecommunication Core Networks

Telecommunication networks can be divided into three domains: (i) access, (ii)

metro, and (iii) core. An access network connects end users to the rest of

the network infrastructure and spans a few kilometers. Metro networks span a

metropolitan region, covering areas of tens of kilometers. Core networks are the

central part of the network hierarchy, providing nationwide or global coverage.

Recent research activity has concentrated on assessing energy consumption in

telecommunications networks and evaluating the impact of the different network

domains [5–8]. It was shown that although access networks are currently the

major contributor, the energy consumption of core networks is expected to grow

rapidly to be able to support future capacity requirements, which are in the

range of several hundreds of Terabit per second (Tbps) or even Petabit per

second (Pbps) per node [9, 10].

Core networks usually rely on optical transmission. In particular, the In-

ternet Protocol (IP) over Wavelength Division Multiplexing (WDM) technology

promises to meet the growing Internet bandwidth requirements [11]. In fact, the

optical WDM layer can exploit the huge capacity that optical fibers offer by di-

viding the available bandwidth into multiple independent channels, each capable

of carrying high data rate signals. Current implementations of IP over WDM

networks employ electronic routers. Accordingly, data transmission occurs in

the optical domain, whereas data switching and control information processing
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are deployed in the electronic domain. Consequently, at each node along their

path toward the destination, data undergo optical-to-electrical-to-optical (OEO)

conversion. This solution offers several advantages, such as high network flexibil-

ity, high bandwidth usage, and the ability to deploy advanced quality-of-service

(QoS) and traffic engineering policies. Furthermore, electronic buffers could en-

able us to implement highly efficient scheduling algorithms that introduce neg-

ligible data losses. That said, scaling current electronic router architectures to

capacities of several tens or hundreds of Tbps leads to high energy consumption

and consequently to high GHG emissions.

To reduce energy consumption in current IP over WDM networks, we can

employ optical switching solutions. Optical switches consume potentially less en-

ergy than electronic routers, and their energy consumption does not increase sig-

nificantly as the bit rate increases, leading to greater network scalability [12–14].

The lack of efficient optical buffering techniques, however, means that optical

switches can hardly provide the flexibility and advanced data processing ca-

pability current electronic IP routers offer. Considerable research has demon-

strated that a pure optical packet switch that can provide performance similar

to its electronic counterpart would require a large number of complex optical

components [15, 16]. Consequently, the energy consumption of a high-capacity,

all-optical packet router would be the same or even higher than that of a com-

parable electronic IP router. Thus, we need a novel network concept that can

exploit optical switching solutions more efficiently to significantly reduce energy

consumption while fulfilling Internet application requirements.

Three optical switching solutions are available for IP over WDM networks.

Optical Circuit Switching (OCS) offers low costs and energy consumption but

limits flexibility and bandwidth utilization and is thus unsuitable for Internet

applications, which generate highly variable traffic. To address this shortcom-

ing, Optical Burst Switching (OBS) technology assembles data into bursts at

the network ingress edge nodes [17, 18]. Before the edge node sends a burst, it

forwards a control packet toward the destination to make the resource reserva-

tion. The actual burst transmission occurs after a fixed delay called the offset

time. A pure OBS network suits Internet traffic bursty nature while keeping net-

work costs and energy consumption bounded. However, it also introduces high

data losses at core nodes, leading to low throughputs and a need for overprovi-

sioning. Finally, Optical Packet Switching (OPS) achieves the highest flexibility
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and resource exploitation and thus represents the best alternative to electronic

switching; however,it requires complex optical components that introduce high

costs and energy consumption. To combine the advantages of OCS, OBS, and

OPS on the same network, hybrid optical switching (HOS) approaches have been

recently proposed [19–22]. In HOS long traffic flows are carried over circuits or

long bursts, whereas short traffic flows are carried over packets or short bursts.

HOS could reach the flexibility and bandwidth use that future Internet applica-

tions require, while reducing power consumption and increasing the scalability

of current core network solutions.

In general, we can divide HOS networks into two categories: optical/electronic

and all-optical. The first category envisages using slow optical switches to for-

ward circuits and long bursts, and fast electronic switches to forward packets and

short bursts. Consequently, the network transmits large and long-lasting traffic

flows transparently, while OEO converting short and more dynamic traffic flows

at the core nodes. In contrast, in the all-optical solution, both the slow and fast

switches are implemented via optical technologies, so all data are transmitted

transparently with regard to OEO conversion. Most research efforts on HOS

focus on evaluating network performance, with only a few works studying the

network architecture and its energy consumption.

In this work we propose a novel data and control plane architecture for

HOS networks. The data plane makes use of a slow optical switch, based on

three-dimensional (3D) Micro Electro-Mechanical Systems (MEMS), and a fast

switch, which can be either optical and based on Semiconductor Optical Am-

plifiers (SOA) or electronic and based on fast CMOS switching elements. The

control plane is organized in an overlay model ad is composed of two layers,

namely control layer and forwarding layer. The control layer performs rout-

ing, signaling, and link management as defined in the Generalized Multiprotocol

Label Switching (GMPLS) standard [23]. The forwarding layer employs ad-

vanced data scheduling and resource reservation algorithms that guarantee high

resource utilization and low energy consumption. We study performance and

energy consumption of the proposed network using a combined simulation and

analytical approach. The simulator is an event-driven C++ software simulator

developed specifically for the study of HOS networks. The performance and en-

ergy consumption of our HOS network are evaluated and compared with respect

to traditional solutions based on electronic switching.
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1.2 Data Centers

A data center refers to any large, dedicated cluster of computers that is owned

and operated by a single organization. Mainly driven by emerging cloud comput-

ing applications data center traffic is showing an exponential increase. Cisco [4]

reports that while the amount of traffic crossing the Internet is projected to reach

1.3 zettabytes per year in 2016, the amount of data center traffic has already

reached 1.8 zettabytes per year, and by 2016 will nearly quadruple to about

6.6 zettabytes per year. This corresponds to a Compound Annual Growth Rate

(CAGR) of 31% from 2011 to 2016. The main driver to this growth is cloud

computing traffic that is expected to increase six-fold by 2016, becoming nearly

two-thirds of total data center traffic. To keep up with these trends, data cen-

ters are improving their processing power by adding more servers. Already now

large cloud computing data centers owned by online service providers such as

Google, Microsoft, and Amazon host tens of thousands of servers in a single fa-

cility. With the expected growth in data center traffic, the number of servers per

facility is destined to increase posing a significant challenge to the data center

interconnection network.

Another issue rising with the increase in the data center traffic is energy

consumption. The direct electricity used by data center has shown a rapid

increase in the the last years. Koomey estimated that the aggregate electricity

use for data centers worldwide doubled from 2000 to 2005 [24, 25]. The rates

of growth slowed significantly from 2005 to 2010, when the electricity used by

data centers worldwide showed an increase by about 56%. Still, data centre are

a main contributor the energy consumption of the ICT sector.

The overall energy consumption of a data center can be divided in energy

consumption of the IT equipment, energy consumption of the cooling system

and energy consumption of the power supply chain. The ratio between the

energy consumption of the IT equipment and the overall energy consumption

represents the power efficiency usage (PUE). The PUE is an important metric

that shows how efficiently companies exploit the energy consumed in their data

centers. The average PUE among the major data centers worldwide is estimated

to be around 1.80 [26] meaning that for each Watt of IT energy 0.8 W are

consumed for cooling and power distribution. However, modern data centers

show higher efficiency. Google declares that its most efficient data center shows
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a PUE as low as 1.12. We can then conclude that the major energy savings

in modern data centers can be achieved by reducing the power consumption of

the IT equipment. The energy consumption of IT equipment can be further

divided in energy consumption of the servers, energy consumption of the storage

devices and that of the interconnection network. According to [27] current data

centers networks consume around 23% of the total IT power. When increasing

the size of data centers to meet the high requirements of future cloud services

and applications, the internal interconnecting network will most likely become

more complex and power consuming [28, 29]. As a consequence, the design of

more energy efficient data center networks is of utmost importance for the scope

of building greener data centers.

Current data centers networks rely on electronic switching elements and

point-to-point (ptp) interconnects. The electronic switching is realized by com-

modity switches that are interconnected using either electronic or optical ptp

interconnects. Due to the high cross talk and distance dependent attenuation

very high data-rates over electrical interconnects can be hardly achieved. As

a consequence, a large number of copper cables are required to interconnect

a high-capacity data center, thereby leading to low scalability and high power

consumption. Optical transmission technologies are generally able to provide

higher data rates over longer transmission distances than electrical transmis-

sion systems, leading to increased scalability and reduced power consumption.

Hence, recent high-capacity data centers are increasingly relying on optical ptp

interconnection links. According to an IBM study [30] only the replacement of

copper-based links with VCSEL-based ptp optical interconnects can reduce the

power consumption of a data center network by almost a factor of 6.

However, the energy efficiency of ptp optical interconnects is limited by the

power hungry electrical-to-optical (EO) and optical-to-electrical (OE) conver-

sion required at each node along the network since the switching is performed

using electronic packet switching. When considering future data center require-

ments, optical switched interconnects that make use of optical switches and

WDM technology, can be employed to provide high communication bandwidth

while reducing significantly the power consumption with respect to ptp solutions.

It has been demonstrated in several research papers that solutions based on op-

tical switching can improve both scalability and energy efficiency with respect

to ptp interconnects [28, 29] As a result, several optical switched interconnect
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architectures for data centers have been recently presented [31–40]. Some of

the proposed architectures [31, 32] are based on hybrid switching with packet

switching in the electronic domain and circuit switching in the optical domain.

The others are based on all-optical switching elements, and rely either on opti-

cal circuit switching [33, 34] or on optical packet/burst switching [35–40]. Only

a few of these studies evaluate the energy efficiency of the optical interconnec-

tion network and make comparison with existing solutions based on electronic

switching. Furthermore, only a small fraction of these architectures are proven

to be scalable enough to keep up with the expected increase in the size of the

data centers. Finally, none of this study addresses the issue of flexibility, i.e.

the capability of serving efficiently traffic generated by different data centers

applications.

With the worldwide diffusion of cloud computing, new data center applica-

tions and services with different traffic requirements are continuously rising. As

a consequence, future data center networks should be highly flexible in order to

serve each application with the required service quality while achieving efficient

resource utilization and low energy consumption. To achieve high flexibility,

in telecommunication networks HOS approaches have been recently proposed.

HOS combines optical circuit, burst and packet switching on the same network

and maps each application to the optical transport mechanism that best suits

to its traffic requirements, thus enabling service differentiation directly in the

optical layer. In this thesis we propose an optical data center network architec-

ture, referred to as HOS data center (HOSDC) interconnect, which provides high

energy efficiency and QoS differentiation in order to satisfy the requirements of

future data center applications. The HOSDC interconnect can be realized by

adding minimal hardware modifications to current data center interconnect and

represent a promising solution for the short and mid term. We study perfor-

mance and energy consumption of the HOSDC interconnect and we compare to

traditional solutions.

New applications and services are pushing for higher transmission capacities

at the server side. As a consequence, the transmission rate of the Network In-

terface Cards (NIC) of the servers is increasing. Even if today the majority of

commercially available servers are equipped with 1 Gbps NIC [41], it is expected

that in some years servers will be mainly equipped with 10 Gbps or higher capac-

ity NIC. To be able to support these capacities in an energy efficient and flexible
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manner we propose a novel optical network interconnect for data centers which is

realized by integrating two advanced optical networking technologies: broadcast-

and-select approach and Elastic Optical Networking (EON). The proposed data

center network architecture is referred to as Elastic Optical Data Center (EODC)

interconnect. The EODC interconnect is able to support capacities of 100 Gbps

per server or even higher, but is based on advanced optical components and

require a complete change in the structure of current data center networks. As

a consequence, we propose the EODC architecture as a long term solution for

data centers. We study the energy consumption of the EODC interconnect and

we compare both with traditional solutions and with the HOSDC interconnect.

Recently, communication service providers are looking for cloud solutions

to reduce costs and create new level of efficiency. In this context, one of the

most promising solutions is carrier cloud [42]. In carrier cloud a unique operator

owns and runs both the core network and the data center internal interconnect.

Through network virtualization techniques, the carrier cloud operator sells ser-

vices to different Internet Service Providers (ISP) which act as tenants. In such

a scenario, the definition of a unique network architecture able to provide both

intra and inter data center connectivity could lead to increased resource utiliza-

tion and increased energy efficiency. A main advantage of the integration of core

and intra-data-center networks comes from the possibility to avoid the energy

inefficient electronic interfaces between data centers and telecommunication net-

work. To this aim we propose a unified network architecture that provides both

intra-data-center and inter-data-center connectivity together with interconnec-

tion toward legacy IP networks. The proposed architecture is based on the HOS

concept. We study the performance and energy consumption of the proposed

solution and we compare to a similar network solution that still rely on electronic

interfaces to interconnect the core network and data centers.

1.3 Outline of the Thesis

The rest of the thesis is organized as follows.

In Chapter 2, we analyze the energy consumption of core networks and we

propose a new energy efficient network architecture based on the HOS paradigm.
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• In Section 2.1: (i) we define the proposed HOS forwarding plane ar-

chitecture, (ii) propose two possible HOS core node architectures, (iii)

develop an analytical model for evaluating the power consumption of op-

tical core nodes, (iv) evaluate the data losses and energy consumption of

the proposed HOS core nodes, and (v) make extensive comparison with

traditional core nodes based on electronic switching.

• In Section 2.2: (i) we propose an integration of the HOS forwarding plane

and the GMPLS control plane in order to perform routing and network

management in a HOS core network and (ii) we study the architecture

and energy consumption of the integrated control plane.

• Finally, in Section 2.3: (i) a novel HOS edge node architecture is proposed

in order to interconnect the HOS core network to legacy IP networks, (ii)

a technique for mapping different Internet applications to the most suited

HOS transport mechanism is studied, (iii) the data losses, end-to-end delay

and energy consumption of an HOS network with high-capacity edge and

core nodes are studied and compared against traditional network solutions.

In Chapter 3, we address the energy consumption of data centers and we

propose two novel optical data center interconnect architectures and an inte-

grated intra-data-center and core network for carrier cloud applications.

• In Section 3.1: (i) a novel optical interconnect for data centers based

on the HOS concept (HOSDC) is proposed for short/mid term applica-

tions and (ii) its energy consumption and performance are evaluated and

compared with respect to traditional data center networks.

• In Section 3.2: (i) a novel optical interconnect for data centers based

on optical broadcast-and-select and EON concepts is proposed for long

term applications and (ii) its energy consumption is evaluated and com-

pared against the HOSDC interconnect and other traditional data center

networks.

• Finally, in Section 3.3: (i) we propose a unified network architecture

that provides both intra-data-center and inter-data-center connectivity to-

gether with interconnection toward legacy IP networks, (ii) we evaluate

performance and energy consumption and we compare against standard

non-integrated networks, and (iii) we estimate the impact of edge caching.
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Finally, in Chapter 4 the conclusions are drawn and the main achievements

of the thesis are summarized.



Chapter 2

Energy-efficiency in Core

Networks

In the future, the Internet may ultimately be constrained by energy consumption

and the capability to provide QoS. As regards the Internet core, HOS is promising

to provide service differentiation and reduced energy consumption in respect to

current electronic switching solutions. HOS aims to combine optical circuit,

burst and packet switching on the same network.

In this Chapter, we present a novel integrated control plane for a HOS core

network. The HOS network is organized in an overlay model with the HOS

control layer performing routing, signaling, and link management, and with the

HOS forwarding layer managing the reservation of resources and data scheduling.

The HOS forwarding layer makes use of a unified control packet able to carry

the control information for all the different data formats and employs an appro-

priate scheduling algorithm for each incoming data type. The proposed HOS

network envisages the use of two parallel switches, a slow optical switch for the

transmission of circuits and long bursts, and a fast switch for the transmission

of packets and short bursts. The most appropriate switching method is selected

for the traffic generated by different applications and the less power consuming

elements are utilized for transmission, ensuring flexibility, QoS differentiation,

and low energy consumption. Performance and energy efficiency of the proposed

HOS network are assessed by means of a combined analytical and simulation

approach. The obtained results show that HOS has a very high energy efficiency

and allows a sustainable growth of the Internet.

19
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2.1 Hybrid Optical Switching

New applications and services have led to the need of high-speed and high-

capacity switches and routers. Also, the availability of new generation high-speed

access networks has put more pressure under backbone networks and backbone

nodes in particular, which are required to support loads of several tens of Tbps

and above.

Wavelength division multiplexing (WDM) represents the reference technol-

ogy for current backbone networks. High-capacity optical backbones usually

comprise edge nodes and core nodes. Edge nodes are located at the periphery

of the network and are used to link the optical network to the legacy networks.

Core nodes are the internal nodes of the optical network and are used to route

data from ingress to egress edge nodes. Three different optical switching schemes

have been proposed for WDM networks, namely OCS, OBS, and OPS.

In an OCS network, a dedicated path (called lightpath) connecting source

and destination nodes is created before the actual data transmission. A light-

path reserves one specific wavelength in each link toward the destination and it

is established using a two-way reservation mechanism. A pure OCS network per-

fectly fits long and stable traffic flows, but it leads to poor bandwidth utilization

in presence of bursty sources.

In an OBS network [17, 18, 43] data are assembled into bursts at the ingress

edge nodes. Before a burst is sent a control packet is forwarded toward the

destination in order to make the resource reservation. The actual transmission

of the burst takes place after a fixed delay called offset time. A pure OBS

network is effective for both constant and bursty sources, but introduces a high

loss rate at the core nodes, which can be only avoided by implementing expensive

contention resolution techniques.

In an OPS network [44–46], optical packets are sent toward the destination

without any resource reservation in advance. The control information is encap-

sulated into the packet header, which is separated from the packet payload by

a time-guard. A pure OPS network provide high bandwidth utilization, but

introduces high costs and power consumption.

Nowadays, one of the the main limiting factors in realizing nodes able to

support capacities of several tens of Tbps is their high energy consumption.

Scaling current routers to capacities of more than hundred Tbps would lead to
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power consumptions above 1MW [10], which is very difficult to provide. Differ-

ent approaches and technologies have been addressed to be possible candidates

for implementing next generation high performance nodes. For this reason, the

concept of green (i.e. energy-efficient) optical networks has been introduced

and several solutions for decreasing energy consumption have been proposed,

e.g. [47–50]. The authors in [47] present an analysis of the current research

activity on green optical networking and propose a model based on optical by-

pass technology and waveband switching. The authors in [48] devised a Mixed

Integer Linear Programming (MILP) and two heuristics based on lightpath by-

pass technology for minimizing energy consumption in IP over WDM networks.

The obtained results show that IP routers are the major contributors to the

total power consumption, using more than 90% of the total power. The authors

in [49] and [50] introduce the concept of power-awareness in traffic grooming.

In [49] an Integer Linear Programming (ILP) formulation of the traffic grooming

problem is given, while in [50] an heuristic approach is proposed. However, these

solutions rely on OCS and static resource assigment and for this reason they are

not able to serve future application requirements in a flexible manner.

In order to combine the advantages of OCS, OBS and OPS on the same

network and reduce the energy consumption of the current electronic switching

core nodes, HOS approaches can be employed. However, an efficient control

plane and node architecture for HOS networks has not yet been defined. For this

reason, in this Section we propose a novel HOS forwarding plane architecture

and two possible HOS core node architectures. The models and results presented

in this Section are part of the work presented in [19]. In Section 2.1.1 the

proposed HOS forwarding plane is presented. In Section 2.1.2 two HOS core

node architectures are proposed and the architecture of a traditional electronic

switching node is illustrated. In Section 2.1.3 an analytical model for the power

consumption evaluation of the considered nodes is introduced. In Section 2.1.4

the performance metrics used to analyze the and compare the different node

architectures are introduced. In Section 2.1.5 numerical results obtained through

simulation are shown and in Section 2.1.6 the main conclusions are drawn.

2.1.1 Forwarding Plane Architecture

In this Section we describe the HOS forwarding plane architecture [19]. Firstly,

we present the data and control packet formats and, secondly, we describe the

data scheduling algorithms.
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2.1.1.1 Data and Control Packet Formats

The HOS node is supposed to handle all three switching paradigms (OCS, OBS

and OPS) in an effective manner. In the case of OCS, we assumed the use of

time division multiplex (TDM) circuits. In a TDM-circuit, time is divided in

frames, each of which is divided in a fixed number of time-slots. Different traffic

flows, sharing the same circuit, use different time-slots in a time-domain multiple

access (TDMA) manner. If the number of flows sharing the same TDM-circuit

is lower than the number of time-slots in a frame, some slots are not used. In

this case, a core node along the circuit path can fill the unused slots in the frame

with incoming optical packets of suitable length having the same destination as

the circuit. This technique aims to increase the bandwidth utilization for two

reasons: firstly, because the circuit utilization is raised and, secondly, because

packets scheduled within a circuit do not consume new resources, letting more

space available for other traffic flows.

As mentioned before OCS makes use of a two-way reservation mechanism.

Therefore, the source node transmits a lightpath establishment request toward

the destination node and waits for the acknowledgment (ACK) before starting

the transmission of data. When a core node receives the lightpath establish-

ment request, it reserves the required resources, if available, and waits for the

incoming data. The time interval between the arrival of the lightpath establish-

ment request and the arrival of data could be very long, usually in the order

of milliseconds or hundreds of milliseconds, and during this time the reserved

resources cannot be used by other connections. Therefore, in a HOS network,

where circuits, bursts, and packets share the same resources, the use of the

two-way reservation mechanism for circuits would lead to a low bandwidth uti-

lization. Consequently, aiming to improve the network efficiency, an offset-time

for circuits is defined. This offset-time informs the nodes along the path about

the exact time in which data are going to arrive at the input ports of the switch,

so that the nodes reserve the resources only for the actual duration of the cir-

cuit. The offset-time for circuits is defined to be greater than a round trip time

(RTT), because the data transmission can start only after the ACK has reached

the source node. Furthermore, the circuit-offset is defined to be greater than

the sum of the maximum burst-offset and the maximum burst-length, so that

circuits result to have the higher priority with respect to bursts and packets.
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CRC
Bandwidth 

Reservation
RoutingFlag Flag

Free-SlotsOffsetLengthType Slot-Length

8-bit 256-bit 88-bit 8-bit 8-bit

8-bit 32-bit 32-bit 8-bit8-bit

Figure 2.1: Control packet format.

Regarding switching of optical bursts, the just enough time (JET) reservation

mechanism [18] has been chosen. Here, when a core node receives the control

packet it schedules the burst by reserving the resources only for its actual length,

thus providing efficient resource utilization. Because bursts are scheduled a

priory due to the offset-time, this results in a kind of prioritized handling in

comparison to packets. Basing on the discussion above, circuits result to have

the highest priority and are thus designed to carry premiere traffic. On the

contrary, packets result to have the lowest priority and are thus designed to

carry best-effort traffic. Bursts have different priority basing on their offset-time

and therefore can be used for implementing QoS differentiation.

The format of the unified control packet defined for the management of all

data types is reported in Figure 2.1. The packet is 368 bits long and comprises

two main fields, namely routing information and bandwidth reservation. The

routing information field contains the source and destination addresses in the

IPv6 format (128 bits). It is also possible that a different addressing method

is used, such as MPLS, but in order to be flexible we decided to reserve more

space for the address section. The bandwidth reservation field is 88 bits long

and carries the information required by the core nodes for deploying the data

scheduling. It is divided into the following five subfields.

The type sub-field (8 bits) is used by the core node to recognize the type

of the incoming data. Depending on its value the node learns if the control

packet is a lightpath establishment request, a burst control packet or an optical

packet header and decides which scheduling algorithm to use. The length sub-

field (32 bits) contains the length of the data corresponding to the control packet
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expressed in kBytes. In this work, the data length is assumed to be a random

value in a specific range. Different ranges have been defined for different data

types. In case of a lightpath establishment request or a burst control packet,

the offset sub-field (32 bits) carries the offset-time expressed in µs. The burst-

offset is defined as a random value in a specific range, whereas the circuit-offset

is fixed. In case of a data packet header, the offset sub-field is ignored by the

node. Finally, the free-slots (8 bits) and the slot-length subfields (8 bits) carry

the information necessary to the core nodes to be able to schedule optical packets

in unused slots of circuits. The free-slots subfield contains the number and the

position of the unused TDM slots in each frame of the circuit, while the slot-

length subfield contains the length of a TDM-slot expressed in kBytes.

Different coding techniques have been analyzed and compared with each

other concerning achievable performance and practicability [51, 52]. One of the

most promising is the optical sub-carrier modulation (SCM) technique, which

we selected for multiplexing data and control packet in the proposed network

solution. In SCM the control packet and the data payload are modulated on the

same optical carrier, by treating the payload as a baseband signal while modulat-

ing the control information on a sub-carrier frequency. Several implementations

of this technique for optical label switching and optical packet switching have

been proposed in literature [53, 54].

2.1.1.2 Data Scheduler

The control plane employs an appropriate scheduling algorithm for each of the

different incoming data types [19]. In the following the implemented algorithms

are presented.

Circuit scheduling: since circuits have the highest priority, they do not com-

pete with bursts and packets, so that they can be blocked only by other circuits.

A new circuit is then scheduled on the first output channel in which no other

circuit has been previously scheduled. However, if too many circuits are sched-

uled on the same output fiber, the burst and packet traffic on that fiber would

be almost completely blocked. For this reason, the maximum number of circuits

that can be simultaneously scheduled on the same fiber has to be limited.

Burst scheduling: several algorithms for burst scheduling have been pro-

posed [17,18,55–57]. In this study, two particular algorithms have been selected
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and implemented. The first one, proposed in [56], is the First Fit Unscheduled

Channel with Void Filling (FFUC-VF). In this algorithm, the scheduler keeps

track of all the void intervals and assigns a new burst to the first suitable void,

which is found by checking all the available wavelength channels in a sequen-

tial manner. FFUC-VF has been chosen because it provides a good bandwidth

utilization while introducing a relatively small complexity and processing time.

Then performance with the Best Fit with Void Filling (BF-VF) algorithm, de-

scribed in [18], have also been evaluated. BF-VF keeps track of all the voids

created before and after the new inserted burst. When a suitable void is found,

the scheduler computes the difference between the arriving time of the burst and

the starting time of the void, and the difference between the ending time of the

void and the ending time of the burst. The BF-VF algorithm selects the void

in which the sum of these values is lower. BF-VF achieves higher bandwidth

utilization with respect to FFUC-VF, but introduces also higher complexity and

processing times.

Packet scheduling: when a new packet reaches the node, firstly the scheduler

tries to insert it on a free TDM-slot of an already established circuit. In order

to do that, the scheduler selects all the circuits with the same destination as

the packet and checks if one of them has a suitable free slot. If there is no

such a circuit, the packet is scheduled on the first idle channel in which no

reservation has been made for the time required for transmission. Firstly, no

optical buffers for packets contention resolution were used. In this case, the

scheduler drops any incoming packet for which no available output resource is

found. Afterwards, aiming to reduce the loss rate, fiber delay lines (FDLs)

for packets contention resolution have been added. Two possible architectures

for FDLs can be considered: the feed-forward and the feed-back. In the feed-

forward one, packets are fed into FDLs of different lengths that are grouped in

FDL banks. Each FDL bank is assigned to an output port. Once packets come

out of the FDL, they must be scheduled. In the feed-back architecture, a packet

can re-circulate in a loop created by one FDL bank and a pair of switch ports

as long as an available output resource is found. The feed-back architecture is

more efficient than the feed-forward, but requires an increased switch size. In

this work, the feed-back configuration has been chosen. The maximum number

of re-circulations for a packet has been fixed to three, in order to prevent the

optical signal from becoming too poor to be transmitted.
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Figure 2.2: All-optical HOS core node architecture.

2.1.2 Core Node Architectures

In this Section, the three node architectures considered in the study are pre-

sented. We propose two possible realizations of a HOS core node, namely all-

optical and optical/electronic, and a traditional architecture of a core node based

on electronic switching [19]. The architectures are shown is Figure 2.2, 2.3 and

2.4, respectively.

All the considered architectures are composed of an electronic control unit

and a switching fabric. Each of N incoming fibers, carrying W wavelength

channels, is connected to a WDM-DEMUX in which the wavelength channels

are separated. Each of N ·W incoming wavelength channels corresponds to an

input port of the node and it is supposed to carry simultaneously data and its

corresponding control information. The node is supposed to be symmetric, i.e.,

the number of input ports is equal to the number of output ports. The control

information associated to each wavelength channel is extracted and sent to the

control unit by the control information extractor (CIE), while the corresponding

data are sent towards the switching fabric. The control unit converts the control

signal into the electronic domain and processes it in order to select the proper

output port for the corresponding data. It is divided in two functional blocks:
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Figure 2.3: Optical/electronic HOS core node architecture.

the routing unit and the scheduler. Wavelength converters and optical buffers

can be used for solving eventual contentions at output ports.

In the hybrid architectures, the switching fabric is divided in two parts: a

slow and a fast switch. The slow switch is realized using switching elements

whose switching time is in the order of milliseconds or hundreds of microseconds

and it is used to transmit slow traffic (i.e., circuits and long bursts). The fast

switch is realized using switching elements whose switching time is in the order

of nanoseconds and it is used for carrying fast traffic (i.e., packets and short

bursts).

In the all-optical hybrid architecture (Figure 2.2), both the fast and the slow

switch are realized using optical elements. The fast optical switch is obtained

by deploying switching elements (SE) organized in a three-stages Clos architec-

ture. The Clos architecture used here (Figure 2.5) is a strictly non-blocking

network, in which each switching element of one stage is connected to all the

switching elements of the next stage. Each switching element in the Clos net-

work is internally realized using SOA organized in a Spanke architecture. SOA

have switching times in the order of nanoseconds, so that they can be used for

switching both slow and fast traffic.
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Figure 2.4: All-electronic packet switching core node architecture.

The slow switching fabric is realized using MEMS. MEMS are miniature mov-

able mirrors made in silicon that transmit or deflect the optical signal depending

on their position. MEMS have switching time in the order of milliseconds or hun-

dreds of microseconds and for this reason can be used only for slow switching.

Anyway MEMS have several advantages if compared to SOAs. Firstly, using

MEMS it is possible to realize switching fabrics of large dimension. Secondly,

MEMS consume much less power with respect to SOAs. Finally, MEMS are

made in silicon, which is a very mature technology, and allow to obtain more

reliable and stable devices. For all these reasons in the all-optical hybrid ar-

chitecture, the fast traffic only is switched using SOAs while the slow traffic is

switched using MEMS.

In the optical/electronic hybrid architecture (Figure 2.3) the switching fabric

is made up by a slow optical switch and a fast electronic switch. The former is

based on MEMS while the latter is composed of electronic line cards (LC) and

electronic switching elements. The fast traffic is routed to the input LCs where

it is converted and processed in the electronic domain. The structure of a fast

electronic LC is reported in Figure 2.6 and comprises transceivers, PHY (physi-

cal layer) devices, framers/mappers, MAC chips, a traffic processor/forwarding

engine (TP/FE), memory devices, and fabric interfaces.

The electronic switch permits to realize advanced data processing, including

functions of the physical, data-link and network layer. As a consequence, the

electronic switching fabric reaches high levels of traffic differentiation and QoS

support that nowadays cannot be met by optical switching fabrics. Another
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Figure 2.5: Example of a Clos network.

Figure 2.6: Block diagram of a fast electronic line card.

advantage of electronic switches over optical switches is the possibility of im-

plementing electronic buffers that provide higher storage capacity in a reduced

area when compared to FDLs. The drawback of using electronic switches is

their high power consumption. To limit the overall power consumption, in the

optical/electronic hybrid architecture only the fast traffic is switched within the

electronic switch.

Finally, the all-electronic architecture is composed of a unique fast electronic

switch (Figure 2.4) and represents the architecture of a current IP-router. Here,

all the incoming traffic is routed to electronic line cards and forwarded by elec-

tronic switching elements. This provides high throughput, QoS differentiation,

and enhanced data processing, but it also leads to higher overall power consump-

tion.

2.1.3 Power Consumption Model

This Section describes the analytical model that we use to evaluate the power

consumption of the HOS and the electronic core node architectures.
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The total power consumption of the core node PTOT is defined as the total

power consumed by the active elements within the node and can be computed

as the sum of the power consumed by the switching fabric, PSF , and the power

consumption of the other active components, POAC :

PTOT = PSF + POAC (2.1)

The term POAC is common for all the considered architectures and is given

by the following formula:

POAC = PCP + PRP + PSC +NWPCIE/R + 2NPOA +NTWCPTWC (2.2)

Here, PCP , PRP , PSC , and PCIE/R represent the power consumption of the

control plane, the route processor, the switch control unit, and the unit for con-

trol information extraction and reinsertion, respectively. POA is the power con-

sumption of optical amplifiers (OA) and N is the number of input/output fibers.

OAs are applied to compensate the losses suffered by the optical signal passing

through the switch and we assumed the use of one OA at each input/output

fiber.

As already mentioned before, we assumed that the control information is

transmitted together with the data on the same optical carrier using the sub-

carrier (SCM) multiplexing technique. For both extraction and reinsertion of

control information a subsystem based on Fiber Bragg Gratings (FBGs) such as

those proposed and experimentally demonstrated in [53, 54] can be used. The

power consumption of all active components such as VCO oscillators, RF up-

and down-converters, modulator drivers, RF amplifiers, and optical receivers has

to be taken into account. Thus, the power consumption of such a module can

be estimated to be approximately ≈ 17W . One CIE/R module must be placed

for each wavelength channel.

Finally, PTWC is the power consumption of tunable wavelength converters

(TWC) and NTWC is the number of active wavelength converters. TWCs are

utilized to solve data contentions and we assumed one TWC per switch port

in case of the full wavelength conversion option. Only active TWCs are sup-

posed to consume power. The number of active TWCs (NTWC) is an output
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Table 2.1: Power consumption of optical active components.
Component Power

Control Plane (PCP ) 300 W

Route Processor (PRP ) 200 W

Switch Control Unit PSC 300 W

Optical Amplifier (POA) 14 W

Tunable Wavelength Converter PTWC 1.69 W

Control Information Extraction and Reinsertion (PCIE/R) 17 W

of the developed simulator. The values for power consumption of the control

plane module, the route processor, the switch control unit and the optical am-

plifier are estimated by collecting data of a number of commercially available

components and modules of conventional large-scale switching and routing sys-

tems. The numbers given in Table 2.1 are obtained by averaging and rounding

the power consumption values of modules that implement the same or a similar

functionality.

The term PSF depends on the considered architecture. In the hybrid archi-

tectures, PSF is obtained by summing the power consumption of the slow and

the fast switches, which are computed separately. The power consumption of the

switching fabric is obtained by multiplying the power consumption of a single

switch port, PPort, and the number of active ports, NAP :

PSF = PPort ·NAP (2.3)

NAP is an output of the HOS network simulator, while PPort has been com-

puted utilizing the formulas reported in the following (based on the matehmatical

model proposed in [10, 19].

2.1.3.1 SOA-Based Switch

Let N be the number of fibers and W the number of wavelengths per fiber. The

total number of switch ports, NS can be then calculated from:

NS = N ·W (2.4)

As reported before, the SOA-based switch is organized in a non-blocking

three-stage Clos network. Through the total number of ports NS it is possible
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to compute the number of ports belonging to a single switching unit of the

three-stages Clos network:

n =

√

NS

2
(2.5)

Referring to the Clos network shown in Figure 2.5, in order to have a non-

blocking three-stages Clos network the parameters p and k are defined through

the following formulas:

k =
NS

n
(2.6)

p = 2n− 1 (2.7)

With reference to [10], the number of active SOA within the active paths is

defined by the following expression:

NSOA = NS(4 log2p+ 2 log2k) (2.8)

Finally, the number of active SOAs per switch port is obtained by dividing

NSOA by NS :

NSOA×Port =
NSOA

NS
(2.9)

In order to obtain the power consumption of a fast port based on SOAs, also

temperature stabilization circuits (TEC) and 3R regenerators must be consid-

ered. The number of active TECs is defined through the following formula:

NTEC = 2k + p (2.10)

which is nothing but the number of switching elements within the Clos net-

work. Consequently, the number of active TECs per switch port is given by:

NTEC×Port =
NTEC

NS
(2.11)
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By assuming a maximum allowed optical signal-to-noise ratio (OSNR) degra-

dation of −20 dB, 3R regenerators need to be placed after each ninth SOA within

the switch. To obtain the number of active 3R regenerators per port the following

expression is then used:

N3R×Port =
NSOA×Port

9
(2.12)

With reference to [29], the following assumptions have been made for the

power consumption of SOA, TEC and 3R regenerators. The power consumption

of an active SOA is assumed to be 0.24W , that of a TEC 4W and of a 3R

regenerator 2.78W . Consequently, the power consumption per port PPort of a

SOA-based switch expressed in W is then given by:

PPort = 0.24 ·NSOA×Port + 4 ·NTEC×Port + 2.78 ·N3R×Port (2.13)

It is worth noting that the number of active elements per switch port, and

thus the power consumption per port, depends on the switch size. For instance,

considering a unidirectional aggregate switch capacity of 76.8Tbps with 24 in-

put/output fibers carrying 80 wavelength channels each, the power per switch

port of the SOA-based switch, PPort, is 19.9W . Because the feed-back archi-

tecture has been chosen for implementing FDLs, if optical buffers are used, the

number of ports of the switch is increased by the number of buffer ports. To eval-

uate the power consumption of a SOA-based architecture implementing FDLs,

the previous procedure can be used, but the definition of NS must be changed

to the following:

NS = N ·W +Nb (2.14)

where the number of active buffer ports, Nb, is an output of the developed

simulator.

2.1.3.2 MEMS-Based Switch

In this work, 3D-MEMS have been considered for the realization of the MEMS-

based switches. The power per switch port of a MEMS-based switch corresponds

then to the power consumption of two mirrors of a 3D-MEMS switch, which is

assumed to be 0.1W [10].
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Table 2.2: Power consumption of a unidirectional line card at 40 Gbps.
Component Function Power

Transceiver LASER driver, TIA, postamp., equalization,
clock and data recovery, mux/demux

5.9 W

PHY Encoding/decoding, scream-
bling/descreambling, FEC

3.4 W

Framer/MAC Mapping, framing, OH processing, payload
processing, MAC

30.6 W

TP/FE Packet processing, classifying, table lookup,
packet forwarding

183.6 W

Fabric Interface Switch fabric procontrol, port
queuing, TP/FE interface

61.2 W

Memory Packet memory, lookup table, configuration
parameter

13.6 W

Total Line card at 40 Gbps 298.3 W

2.1.3.3 Fast Electronic Switch

The power consumption per switch port of the fast electronic switch is calcu-

lated by summing the power of one LC and the power per port of an electronic

switching unit. In this paper unidirectional line cards working at 40Gbps are

considered. To obtain the power consumed by a line card the values for each

functional block reported in [10] and summarized in Table 2.2 have been used.

Assuming that the power consumption per 80Gbps bidirectional switching ca-

pacity (40Gbps unidirectionally) of an electronic packet switch is 8W [10], the

power consumption per switch port, PPort, of the 76.8Tbps fast electronic switch

is calculated to be 306.3 (= 298.3 + 8)W .

2.1.4 Core Node Simulation Setup

The simulation tool developed for the analysis of the proposed node is a time-

discrete C++ simulator. Time is divided in clock cycles, which has been fixed

to the time needed for the transmission of 1 kByte of data. The data rate has

been set to 40Gbps and 80 wavelength channels per fiber have been considered,

consequently, a simulator clock-time corresponds to 0.2µs and each input/output

fiber of the switching node has a capacity of 3.2Tbps. The simulator generates

control packets and deploys the functionalities described in previous Sections to
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forward the incoming traffic. The produced outputs are for both the performance

and the power consumption analysis.

The simulation model defines the following parameters for keeping track of

the generated and scheduled traffic. ACounter and SCounter store respectively the

number of Bytes arrived to the node and the actual number of Bytes success-

fully scheduled. PArrival, BArrival and CArrival represent respectively the total

number of packets, bursts and circuits arrived to the node during the entire sim-

ulation. Similarly, the parameters PScheduled, BScheduled, CScheduled, keep track

of the numbers of successfully scheduled packets, bursts and circuits, respec-

tively. To evaluate the node performance the following outputs are produced by

the simulator: input load, normalized throughput, packet loss rate, burst loss

rate and circuit establishment failure rate. The input load and the normalized

throughput (NT) are respectively calculated using the following formulas:

InputLoad =
ACounter

tSim ·NS
(2.15)

NT =
SCounter

tSim ·NS
(2.16)

where tSim represents the total simulation time in seconds. The input load

and normalized throughput will be expressed in percentage. To evaluate the

packet loss PLoss, burst loss BLoss and circuit establishment failure CFailure

rates, the following formulas have been used:

PLoss =
PArrival − PScheduled

PArrival
(2.17)

BLoss =
BArrival −BScheduled

BArrival
(2.18)

CFailure =
CArrival − CScheduled

CArrival
(2.19)

The results of the performance study have been obtained by varying one

specific network parameter per time. The parameters that have been varied are:

input load, traffic pattern, aggregate node capacity, and wavelength conversion
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capacity. The traffic pattern is defined as the percentage of traffic carried re-

spectively by packets, bursts, and circuits. The aggregate node capacity is the

maximum amount of traffic that could be theoretically handled by the node and

it is obtained by multiplying the line data rate and the number of input ports.

The node is supposed to be equipped with one TWC per switch port, which

is able to convert the input signal to a fixed number of the output wavelength

channels. The ratio between the number of channels to which an input signal can

be converted and the total number of available output channels represents the

wavelength conversion capacity. The lower the wavelength conversion capacity

the lower the cost and the power consumption of the node.

To better compare the considered node architectures we introduce the con-

cept of increase in power efficiency. For a certain node’s aggregate capacity (AC)

the achievable throughput (AT) can be calculated through the following formula:

AT = NT ·AC (2.20)

It is then possible to define the power efficiency PEFF of the node as the

ratio between the achievable throughput and the total power consumption:

PEFF =
AT

PTOT
(2.21)

The increase in power efficiency between the all-optical hybrid and the opti-

cal/electronic hybrid architectures is then defined through the following formula:

IEO,OE =
PEFF |All−optical −PEFF |Optical/electronic

PEFF |Optical/electronic
(2.22)

and the increase in power efficiency between the optical/electronic hybrid

and the all-electronic architectures is accordingly defined by:

IEOE,E =
PEFF |Optical/electronic −PEFF |All−electronic

PEFF |All−electronic
(2.23)

The main parameters used in simulations are reported in the following. The

packet and burst lengths have been defined as random uniform integers in the

range of [1; 4] kBytes and [50; 5000] kBytes, respectively. Regarding the circuits,

the number of TDM-slots in a frame has been fixed to 10 and the slot-length
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Figure 2.7: Packet and burst loss probabilities as a function of the offered load
for two burst scheduling algorithms (FFUC-VF and BF-VF) as well as with and
without FDL for contention resolution.

has been defined as a random uniform integer in the range of [2; 6] kBytes. Due

to the fact that the number of frames has been set to 5, 000, the total circuit

duration results to be a random value among 20ms, 30ms, 40ms, 50ms and

60ms. The number of free TDM-slots in a frame has been defined as a random

uniform integer in [0; 3]. The burst-offset has been set as a random value in the

range of [0.2; 2]ms and the circuit-offset has been set to 3ms. The simulation

time has been set to 1 s.

2.1.5 Numerical Results

This section reports some results of the performance and power consumption

analysis.

Firstly the results as a function of the offered load will be shown. The aggre-

gate node capacity has been set to 76.8Tbps, corresponding to 24 input/output

fibers with a capacity of 3.2Tbps each. The traffic generated at the sources

include 40% of circuits, 30% of bursts, and 30% of packets. Additionally, full

wavelength conversion has been assumed.
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Figure 2.8: Increase of efficiency between all-optical hybrid and opti-
cal/electronic hybrid and increase of efficiency between optical/electronic hybrid
and all-electronic architectures as a function of the input load.

Two different configurations have been analyzed. In the first one, the FFUC-

VF algorithm is used for scheduling of bursts with no buffering space for pack-

ets contention resolution. In the second configuration, aiming to decrease the

loss probabilities, we implemented a buffering space of 1 kByte per switch port

and we implemented the BF-VF algorithm instead of the FFUC-VF, for burst

scheduling.

Figure 2.7 shows the packet and burst loss probabilities as a function of the

input load. Consider first the packet and the burst loss probabilities with the

FFUC-VF algorithm. The Figure shows that both curves remain below 1E−8

for offered loads under 55%. For loads between 55% and 70% the packet loss

increases from 1E−8 to 1E−5, whereas the burst loss rate is still lower than

1E−8. From 70% to over 90% of offered load the packet loss increases further

from 1E−5 to 1E−3. Simultaneously, the burst loss increases very fast from

1E−8 to 1E−3, becoming higher than the packet loss for loads higher than 90%.

This effect can be explained as follows. When the load is very high, a large

percentage of the available output resources is occupied by circuits, which have

the highest priority. Because packets can be scheduled within free-slots of already
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Figure 2.9: Loss probabilities as a function of the percentage of traffic reserved
for circuits. The FFUC-VF algorithm is considered for burst scheduling with no
FDLs for packet contention resolution.

established circuits, the packet loss does not increase too rapidly at high loads.

On the contrary, bursts suffer the increased number of circuits showing a rapidly

increasing loss for very high input loads.

As confirmation of this trend, Figure 2.7 reports also the packet loss rate in

case that optical packets cannot be scheduled into unused slots of TDM-circuits.

In this case, we have that the three switching schemes share the same resources

but act independently. The Figure shows that the packet loss rate is significantly

higher than in the previous case, highlighting that employing a unique integrated

control plane leads to better overall performance with respect to three separated

control planes.

Implementing the BF-VF algorithm and 1 kByte of buffering space per switch

port, the burst loss rate shows a slight decrease and remains lower than 1E−8

until almost 75% of offered load. On the other hand, the packet loss is drastically

reduced, remaining lower than 1E−8 until 85% of offered load and not higher

than 1E−5 for loads higher than 90%.

A final note regards the circuit establishment failure rate, which is lower than

1E−8 for every value of the offered load.
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Figure 2.10: Increase in efficiency between all-optical hybrid and opti-
cal/electronic hybrid architectures as a function of the traffic pattern.

Figure 2.8 reports IEO,O/E and IEO/E,E as a function of the offered load.

The curves show that IEO,O/E increases with the load reaching almost 460% for

loads higher than 90%. The curve obtained with BF-VF and FDLs presents a

lower slope with respect to the one obtained with FFUC-VF algorithm. This is

due to the fact that in the FDL feed-back architecture utilized here the intro-

duction of FDLs leads to an increased size of the SOA-based switch and, con-

sequently, the power consumption per port becomes larger. As a consequence,

FDLs reduce the advantage of using a SOA-based switch instead of the electronic

one. Also IEO/E,E increases with the offered load, but presents a lower slope

with respect to IEO,O/E , remaining lower than 100% even for loads higher than

90%.

To evaluate the results as a function of the traffic pattern the following as-

sumptions have been made. The node capacity has been set to 76.8Tbps and

two values of offered load have been considered, namely at 60% and 90%. The

FFUC-VF algorithm has been used for scheduling of bursts. Full wavelength

conversion and no FDLs for packet contention resolution were assumed.

In order to show the effects of changing the traffic pattern, the percentage of

traffic carried by circuits has been assumed as the reference parameter. Three

different traffic patterns have been analyzed. In the first pattern, 20% of input
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Figure 2.11: Increase in efficiency between optical/electronic hybrid and all-
electronic architectures as a function of the traffic pattern.

traffic is carried by circuits, 40% by bursts and 40% by packets. In the second

pattern, we assume that 40% of input traffic is carried by circuits, 30% by bursts

and 30% by packets. Finally, a pattern composed by 60% circuits, 20% bursts

and 20% packets was considered.

Figure 2.9 shows the loss probabilities as a function of the traffic pattern. The

packet loss decreases while increasing the percentage of incoming traffic reserved

for circuits, whereas the burst loss increases. The explanation is the following.

While increasing the circuit traffic, the rate for optical packets to be scheduled in

an established circuit increases leading to a lower packet loss rate. Instead, when

many output wavelengths are occupied by circuits it becomes more difficult for

bursts to find an available output resource.

Consequently, at high loads and high percentage of circuit traffic, the burst

loss becomes appreciably higher than the packet loss. The burst loss rate at 60%

of input load is always lower than 1E−8, showing that at lower loads bursts are

advantaged with respect to packets independently from the percentage of circuit

traffic. These results confirm the trends already shown in Figure 2.7.

Finally, the circuit establishment failure rate increases while increasing the

circuit traffic. As shown in Figure, the circuit loss at 90% of offered load slightly

exceeds 1E−5 when the 60% of the input traffic is reserved for circuits.
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Figure 2.12: Power consumption of the considered node architectures as a func-
tion of the aggregate node capacity.

In Figure 2.10, IEO,O/E as a function of the analyzed traffic patterns is

shown. The graph shows that IEO,O/E decreases while increasing the percent-

age of traffic carried by circuits. To explain this, consider that the higher the

percentage of circuit traffic the higher the number of slow ports used with re-

spect to fast ports, which leads to a lower IEO,O/E . Furthermore, the Figure

shows that the curve taken at 60% of the input load is lower and decreases faster

with respect to that taken at 90%. The lower slope is due to the fact that at

higher loads some circuit establishment requests are refused because the maxi-

mum number of circuits is reached. As a consequence, increasing the percentage

of traffic carried by circuits does not increase strongly the number of slow ports

used and thus IEO,O/E presents a lower slope.

Figure 2.11 reports IEO/E,E for the different considered traffic patterns. In

this case, the gain in efficiency increases while increasing the circuit traffic be-

cause the higher the number of slow ports used the higher the advantage of

implementing a slow switch based on MEMS. Also, the Figure shows that at

60% of offered load the curve is almost linear while at 90% the slope is lower

because some circuit establishment requests are rejected.

In Figure 2.12, the relative power consumption of the considered architectures
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is shown as a function of the aggregate node capacity. The power consumption

values are normalized with respect to the power consumption of the all-electronic

architecture at 102.4Tbps, which has been computed to be 765 kW . The Figure

shows the advantage of using optical technologies. Using the optical/electronic

hybrid architecture instead of the all-electronic one, the overall power consump-

tion at 102.4Tbps is almost halved, while using the all-optical hybrid architecture

the power consumption is reduced to 10% of the total.

2.1.6 Conclusions

In this Section a novel forwarding plane for HOS core nodes has been proposed,

which is able to provide an efficient handling of data packets, bursts, and circuits

directly in the optical domain. The control plane makes use of a unified control

packet and employs a suitable scheduling algorithm for each incoming data type.

Two different node architectures have been defined to be managed by this control

plane: an all-optical hybrid architecture and an optical/electronic hybrid archi-

tecture. Furthermore the architecture of a traditional electronic packet switching

node, namely, all-electronic architecture, has been modeled and considered as a

reference. A simulation model has been developed to evaluate both the perfor-

mance of the nodes and their power consumption. The model has been used

to assess the considered architectures in terms of their potential for increased

power efficiency.

The performance analysis shows that the packet loss rate remains lower than

1E−8 up to almost 60% of offered load, while the burst loss rate is lower than

1E−8 for almost 75% of the load. Furthermore, the packet loss decreases while

increasing the percentage of traffic reserved for circuits. This is due to the

possibility of scheduling optical packets on suitable unused TDM-slots in already

established circuits. On the contrary, the burst loss increases while increasing

the circuit traffic. Finally, it is highlighted that, employing FDL for packets

contention resolution implies a significant increase in the node performance, and

using a more efficient algorithm for burst scheduling (like BF-VF) reduces the

burst loss.

The power consumption analysis has shown that the increase in power effi-

ciency when using an all-optical hybrid instead of the optical/electronic hybrid

architecture can be as high as 600% (with 60% of traffic carried by circuits),
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but it decreases to about 420% while increasing the percentage of traffic carried

by circuits. On the other side, the increase in power efficiency between opti-

cal/electronic hybrid and all-electronic architectures increases while increasing

the circuit traffic, reaching almost 140% when the 60% of traffic is carried by

circuits.

In general the results of this Section show that HOS has the potential of

achieving high performance while reducing the energy consumption of traditional

core nodes. In the next Section the HOS paradigm will be integrated with the

GMPLS control plane and tested on a network composed of a cascade of core

nodes.
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2.2 HOS Core Network Employing GMPLS

In Section 2.1 we demonstrated that HOS has the potential to optimize the

overall network design and to allow considerable energy savings and improved

node scalability. However, a single core node has been taken into consideration so

far. To include network operation and management functions, in this Section we

propose the integration of our HOS forwarding plane with the GMPLS control

plane [23].

GMPLS is widely recognized as a suitable control plane solution for opti-

cal networks since it provides efficient end-to-end provisioning, fast forwarding

and traffic engineering (TE) decisions. Furthermore, the GMPLS control plane

ensures multi-domain and multi-technology interoperability.

To the best of our knowledge, this is the first attempt of integration between

HOS and GMPLS control planes, even if several proposals for the integration

of the GMPLS control plane with the OBS control plane have been made [58–

61]. In [58] an integrated approach, namely labeled optical burst switching

(LOBS), is proposed while in [59–61] overlay solutions are considered. The

overlay model proposed in [59, 60] is composed of three layers: the GMPLS

control layer, the OBS control layer and the OBS data layer. The GMPLS control

layer is responsible for GMPLS TE tunnels establishment and maintenance, but

it does not entail resource reservation, which is delegated to the OBS control

plane. The authors in [61] propose a model composed of a GMPLS control

plane, a path computation engine (PCE) layer and a OBS transport (OBST)

layer.

The integration of the HOS forwarding plane and the GMPLS control plane

is realized using an overlay network model. The models and results presented

in this Section are part of the works presented in [62–65]. In Section 2.2.1, we

describe the proposed network overlay model. Section 2.2.2 proposes a possi-

ble implementation of the proposed model using as a reference architecture the

optical/electronic architecture presented in Section 2.1. In Section 2.2.3, the

simulator and the metrics used for the analysis of a core network composed of

a cascade of optical/electronic nodes are introduced. Finally, in Section 2.2.4

numerical results are shown and discussed, and in Section 2.2.5 the conclusions

of this work are drawn.
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Figure 2.13: HOS network overlay model.

2.2.1 Network Overlay Model

The proposed architecture of a HOS network is divided into three separated

layers and can be represented with an overlay model, as depicted in Figure

2.13. At the highest layer there is the GMPLS control plane that is in charge

of configuring the virtual topology and setting up and tearing down the Label

Switching Paths (LSP). The GMPLS control layer makes use of a dedicated

network and is physically and logically separated from the layers below. The

intermediate layer is given by the HOS control plane. The HOS control plane

carries the information for properly scheduling and forwarding different data

types. The HOS control plane shares the same network as the HOS data plane,

but it is logically divided. The control information are carried over a hybrid

optical/electronic network, i.e., it is O/E/O converted at each node along the

path toward the destination. Finally, the HOS data plane is an optical network

able to support different traffic granularities, i.e., circuits, bursts and packets.

2.2.1.1 GMPLS Control Layer

The GMPLS control plane consists of several building blocks. The building

blocks include routing, signaling and link management.
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The task of the routing block is to distribute and maintain the network

topology and information about the resource usage. Standard IP routing pro-

tocols, such as Open Shortest Path First (OSPF) or Intermediate System-to-

Intermediate System (IS-IS) with GMPLS-TE extensions, can be used to reliably

exchange the information. The extensions to OSPF and IS-IS add additional in-

formation about links and nodes into the link-state database. The OSPF-TE for

instance determines the link usage in an aggregated way through using band-

width units (bit/s) and flood the information using TE link state advertisement

(LSA).

The information collected by the routing block is used by the signaling block

to establish LSPs. In the proposed HOS network we assume that a link between

two adjacent nodes is composed of a group of fibers. A LSP is defined as a

sequence of fiber links along the path connecting source and destination nodes

where data are forwarded using label switching. As a consequence, an entry into

the switching table of a node along the path is a correspondence between the

input label and fiber, and the output label and fiber. In traditional GMPLS

implementations the signaling block is in charge of exchange control information

among nodes, to distribute labels, and to reserve resources along the path. To

this aim, two signaling protocols have been extended, i.e., Resource Reservation

Protocol TE (RSVP-TE) and Constraint based Label Distribution Protocol (CR-

LDP). However, in the proposed HOS network we assume that the resource

reservation is delegated to the HOS control plane. As a consequence, the GMPLS

signaling block is responsible only for label distribution and management. In this

context, the RSVP-TE and CR-LDP protocols can be used to set up, tear down

and maintain LSPs, but without performing resource reservation.

Finally, the link management block is based on the link management proto-

col (LMP). LMP runs between adjacent systems for link provisioning and fault

isolation and is used to automatically generating and maintaining associations

between links and labels for use in label swapping.

2.2.1.2 Modified HOS Forwarding Layer

The HOS forwarding layer is responsible for managing the transmission of cir-

cuits, bursts and packets along the LSPs. Once LSPs have been established

by the GMPLS control layer, it is the HOS control layer that schedules data
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on specific wavelengths along the LSPs and makes the resource reservations. A

specific scheduling algorithm and a specific reservation mechanism for each data

type is used. The proposed HOS forwarding plane has been described in 2.1. In

the following its most important features will be reported, together with some

changes introduced to facilitate its integration with GMPLS.

The control plane makes use of TDM circuits. In a TDM-circuit, time is

divided in frames, each of which is divided in a fixed number of time-slots. The

nodes along the circuit path can fill unused TDM-slots of a circuit with optical

packets of suitable length that have the same destination as the circuit. In

GMPLS, a packet and a circuit have the same destination if they belong to the

same Forwarding Equivalence Class (FEC) and thus they share the same LSP.

This technique aims to increase the bandwidth utilization for two reasons: firstly,

because the circuit utilization is raised and, secondly, because packets scheduled

within a circuit do not consume new resources.

A unified control packet has been defined to manage the three data types.

The format of this control packet is depicted in Figure 2.14 and comprises two

main fields, namely label stack and bandwidth reservation. The label stack field

is used to carry the GMPLS labels and substitutes the routing information field

proposed in 2.1, which contained the source and destination IP addresses. This

field is able to carry up to 4 labels of 32-bits each, providing the capability of

nesting up to 4 LSPs. The bandwidth reservation field contains the information

required by the core nodes for deploying the data scheduling. In particular,

the type subfield is used to distinguish among circuits, bursts and packets. The

length and offset subfields carry the data length and offset-time respectively. The

free-slot and slot-position carry the information about the number and position

of unused TDM-slots in a circuit. The control packet is assumed to be encoded

together with the corresponding payload on the same optical carrier, using the

optical SCM technique [53].

The control plane uses appropriate scheduling algorithm for each incoming

data type. The highest priority is given to circuits, which are scheduled on the

first output wavelength in which no other circuit has been previously scheduled.

However, if too many circuits are scheduled on the same output fiber, the burst

and packet traffic on that fiber would be almost completely blocked. For this

reason, the maximum number of circuits that can be simultaneously scheduled on

the same fiber has been limited to 60% of the number of wavelengths. As regards
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Figure 2.14: Modified control packet format for the integration of GMPLS and
HOS control layers.

the scheduling of bursts, the FFUC-VF algorithm is used because it provides a

good bandwidth utilization while introducing a relatively small processing time.

Packets can be scheduled either on an unused TDM-slot of a circuit that belongs

to the same FEC, or on the first output wavelength for which no reservation has

been made for the time required for transmission.

2.2.2 Architectures and Power Consumption

In this Section, we extend the optical/electronic hybrid architecture, presented in

2.1, to include the GMPLS control plane. Furthermore, we derive a model for the

evaluation of the power consumption introduced by the GMPLS control plane

and compare the power consumption of the optical/electronic hybrid architecture

with that of a current electronic IP router.

2.2.2.1 Node and Control Plane Architectures

The optical/electronic hybrid architecture is depicted Figure 2.15. It can be

divided into three building blocks: the switching fabric, the control logic and

the other active components.

The switching fabric is divided into a slow switch and a fast switch. The

slow switch is realized using MEMS, whose switching time is in the order of

milliseconds or hundreds of microseconds, and it is used to forward circuits and

long bursts. The fast switch is made up by electronic LC and electronic switching
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Figure 2.15: Extended optical/electronic HOS architecture for integration with
the GMPLS control plane.

elements, whose switching time is in the order of nanoseconds, and it is used to

forward packets and short bursts. As a consequence, circuits and long bursts are

transmitted transparently, while packets and short bursts are O/E/O converted

at each node along the path.

The electronic control logic implements the GMPLS and HOS control planes.

The structure of the control logic is shown in Fig. 2.16, and it comprises several

building blocks: the GMPLS routing, signaling and link management block, the

label processing, table lookup and forwarding block, the data type check, for

the distinction of the different data types, and the packet, burst and circuit

schedulers.

Finally, in the other active components we include: OA, TWC, CIE/R, switch

control and management cards.

The optical/electronic hybrid architecture is compared with a traditional

electronic IP router. The architecture of a current IP router can be also di-

vided into three building blocks: the switching fabric, the route processor and
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Figure 2.16: Block diagram of the control logic (RX: Receiver, TX. Transmit-
ter, µP : Microprocessor, WC: Wavelength Controller, CIE: Control Information
Extraction, CIR: Control Information Reinsertion).

the other active components. The switching fabric is composed of a large fast

electronic switch, made up by electronic switching elements. The large electronic

switching fabric interconnects a large number of line interface cards (LC). The

route processor deploys the MPLS control plane and data forwarding function-

alities. The other active components include the OAs, the switch control and

the management cards. The TWC and CIE/R are not included here since all

the data are O/E/O converted.

2.2.2.2 Power Consumption Model

The total power consumption of a core node PTOT is defined as the total power

consumed by the active elements within the node and it is derived through the

following formula:

PTOT = PSF + PCL + POAC , (2.24)

where PSF is the power consumption of the switching fabric, PCL is the

power consumption of the control logic and POAC is the power consumption
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of the other active components. In this paper we make use of the analytical

model introduced in [10,19] to evaluate PSF and POAC . Note that we assume all

components that are inactive for a period of time are switched off. Furthermore,

we estimate PCL as follows.

Let N be the number of input/output fibers and W be the number of wave-

lengths per fiber. The power consumption of the control logic is computed

through the following formula:

PCL = PGMPLS + PScheduler +N ·W · PTransceiver, (2.25)

where PGMPLS is the power consumption of the GMPLS control plane,

PScheduler is the power consumption of the scheduler and PTransceiver is the power

consumption of a DWDM long reach transceiver used for receiving/transmitting

the control information. The power consumption of the GMPLS control plane

is in turn obtained through the following formula:

PGMPLS = POffline +N · POnline +N ·W · PSearchEngine, (2.26)

where POffline is the power consumption required for routing, signaling and

link management. POnline is the power consumption introduced by label pro-

cessing, table lookup and forwarding. PSearchEngine is the power consumption of

a search engine used for table lookup.

Finally, the power consumption of the scheduler PScheduler is given by the sum

of the power consumption of the packet, burst and circuit schedulers. The values

for the power consumption of the above mentioned elements are estimated by

collecting data of a number of commercially available components and modules

for conventional large-scale switching and routing systems. The numbers given

in Table 2.3 are obtained by averaging and rounding the power consumption

values of modules that implement the same or a similar functionality.
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Table 2.3: Power consumption of the control logic
Function Component Power

Transceiver 1 Gbit/s DWDM long reach transceivers 1.25 W
GMPLS off-line process-
ing

Microprocessor, DRAM, network interface 150 W

GMPLS on-line process-
ing

Large programmable logic device (FPGA) 40 W

Search engine Ternary content addressable memory
(TCAM) chip

4.5 W

Packet scheduler Large programmable logic device (FPGA) 40 W
Burst scheduler Large programmable logic device (FPGA) 40 W
Circuit scheduler Large programmable logic device (FPGA) 40 W

As regards the electronic IP router, the total power consumption is obtained

through the following formula:

PTOT = PSF + PRP + POAC , (2.27)

where PRP is the power consumption of the route processor. It is worth

noting that in this case the power consumption of the others active components,

POAC , does not include the power consumption of TWCs and CIE/R, which are

not used in the electronic router. The term PRP is obtained by summing up the

power consumption of all the route processor cards PRPC implemented within

the node. We assume the use of one route processor card each 16 wavelength

ports, and consequently the power consumption of the route processor is given

by the following formula:

PRP =
N ·W

16
· PRPC . (2.28)

The power consumption of a route processor card comprising the MPLS

control plane functionalities has been estimated to be PRPC = 200W .

2.2.3 Core Network Simulation Setup

The performance and power consumption of the proposed HOS network have

been assessed by means of an event-driven simulator, developed specifically for

this scope. The simulated network is depicted in Figure 2.17, and consists of

a cascade of core nodes connected by a group of fibers. At each node along
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Figure 2.17: Core network simulation setup.

the cascade, traffic addressed to this particular node is dropped and sent to a

local electronic end-router. At the same time, new traffic is generated by the

node and injected into the core network. Data are forwarded by the nodes on a

proper output fiber according to their destination addresses and employing the

appropriate scheduling algorithm.

To analyze the proposed HOS core network we use the same metrics that

were introduced in 2.1.4. Specifically, we evaluate the network performance in

terms of data loss rates, which are defined as follows. The packet (burst) loss

rate is defined as the ratio between the number of dropped packets (bursts) and

the number generated packets (bursts). Finally, the circuit establishment failure

probability is defined as the ratio between the number of negative-acknowledged

and the number of generated circuit establishment requests. As regards the

energy consumption, to better compare the considered architectures, we employ

the definition of increase in power efficiency between the optical/electronic hybrid

and an all-electronic architecture, i.e. typical architecture of a current IP router

(IEO/E,E).

The main parameters used in simulations are reported in the following. The

packet and burst lengths have been defined as random uniform integers in the

range of [1; 4] kBytes and [50; 5000] kBytes, respectively. Regarding the circuits,

the number of TDM-slots in a frame has been fixed to 10 and the slot-length

has been set to 4 kBytes. The number of free TDM-slots in a frame has been

defined as a random uniform integer in [1; 4]. The total circuit duration is a

random value among 4ms, 6ms, 8ms, 10ms and 12ms.
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Figure 2.18: Packet and loss burst rates as a function of the input load and for
different numbers of nodes composing the core network.

2.2.4 Numerical Results

This section reports some selected results of the performance and power con-

sumption analysis. The number of input/output fibers of each node along the

cascade has been set to 24, with 80 wavelengths per fiber. The line data rate has

been set to 40Gbps, leading to an aggregate capacity of 76.8Tbps per node. At

each node along the cascade a half of the incoming traffic is dropped and sent

to the local end-router. Concurrently, the same amount of traffic is generated

by the node and inserted into the network. The traffic pattern includes 40% of

circuits, 30% of bursts and 30% of packets.

In Figure 2.18, the packet and burst loss rates are shown in regard to the input

load and for different numbers of nodes composing the cascade. The number of

cascaded nodes has been varied from 2 to 6. The figure shows that the burst loss

rate is lower than 10−6 for input loads below 70%. For higher loads the burst

loss rates increase rapidly, reaching values in the order of 10−3 for input loads

close to 90%. The packet loss rates are always higher than the burst loss rates,
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Figure 2.19: Improvement in power efficiency between the optical/electronic
HOS core network and current network based on IP routers.

and they reach values in the order of 10−2 for loads close to 90%. Bursts are

scheduled a priory due to the offset-time and this results in a kind of prioritized

handling in comparison to packets. However, at high loads the burst loss rates

increase very fast because a large portion of available resources is occupied by

circuits which have the highest priority. On the contrary, the packet loss rates

do not increase very fast at high loads because packets can be scheduled into

unused TDM-slots of circuits. A final note regards the circuit establishment

failure rates, which are always null in the considered configurations.

Figure 2.18 also shows that the number of nodes in the cascade has no signif-

icant influence on the packet loss rates. This again is due to the fact that packets

can be inserted into unused TDM-slots of circuits. The simulations demonstrate

that the higher is the number of nodes in the cascade and the higher is the

probability for a packet to find a circuit with the same destination that has a

free TDM-slot. To prove this fact, in Figure 2.18 also the packet loss rates with-

out the possibility for packets to fill unused TDM-slots are shown. The Figure

relates that the packet loss rates without the possibility of filling unused TDM-
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slots are one order of magnitude higher reaching values in the order of 10−1

for loads close to 90%. Furthermore, in this case the packet loss rates increase

significantly while increasing the number of nodes in the cascade. We can then

conclude that the possibility for packets to be transmitted in unused TDM-slots

of already established circuits leads to improved overall performance.

Figure 2.19 reports the IEO/E,E , in percentage, as a function of the input

load. The number of nodes in the cascade has been set to 6 and the improve of

efficiency of each node is plotted separately. The IEO/E,E depends largely on

the number of slow ports used. In fact, the optical/electronic hybrid architecture

employs MEMS switches for forwarding circuits and short bursts and it is well

known that optical MEMS switches have a much lower power consumption than

conventional electronic switches. The higher is the input load and the higher is

the number of slow ports used, and in turn the higher is IEO/E,E . In addition,

the figure shows that the last node in the cascade is the one that presents the

highest gain in efficiency. This is due to the fact that at the end of the cascade

a large portion of the initially free TDM slots are already occupied by packets

sent by the preceding nodes, which leads to more active slow ports and a higher

utilization of circuits in the last node.

2.2.5 Conclusions

In this Section we discussed the integration between the HOS forwarding plane

introduced in Section 2.1 and the GMPLS control plane. The proposed HOS

core network is organized in an overlay model that is composed of three lay-

ers: the GMPLS control layer, the HOS control layer and the HOS data layer.

The GMPLS is in charge of configuring the virtual topology and setting up and

tearing down the LSPs. The HOS control plane makes the resource reserva-

tion and performs the scheduling and forwarding functionalities for the different

supported traffic granularities.

The optical/electronic hybrid HOS node architectures analyzed in 2.1 has

been extended to include the GMPLS control plane and the power consump-

tion of the GMPLS module has been estimated. The performance and power

consumption analysis of the HOS network has been carried out through the use

of an event driven simulator. Results show that our control plane, capable of

inserting packets onto unused TDM-slots of circuits, provides improved perfor-

mance. Furthermore, the results show that the deployment of optical switching
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elements instead of electronic elements enables an increase of the network energy

efficiency.

In the next Section we will include in our analysis also the HOS edge nodes,

i.e., the nodes that provide the connectivity between the HOS core network and

external networks. We will study their architecture and evaluate their impact

on performance and energy consumption.
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2.3 HOS Edge Network and QoS

Considerable research [7,66] has already highlighted that core networks may ulti-

mately be constrained not by the capacity of optical and electronic technologies,

but rather by their energy consumption and capability to provide QoS. In fact,

an effective control plane that is able to exploit the huge capacity offered by the

optical WDM layer in order to provide QoS in an energy-efficient manner, is still

missing.

On the one hand, traditional electronic packet switching core networks pro-

vide the possibility to implement advanced QoS policies, that are usually based

on traffic classification and Per-Hop Behaviors (PHB) like in the DiffServ model

[67,68]. However, as we already demonstrated in Section 2.1 and 2.2, electronic

switching networks are characterized by low energy efficiency and are not able

to support the future Internet growth in a sustainable manner. On the other

hand, optical switching core networks have the potential to provide high energy

efficiency, but mainly due to the lack of effective optical buffering techniques,

are not able to support advanced QoS policies.

The HOS network proposed in Section 2.1 and extended in Section 2.2 has

the potential of providing both high energy efficiency and effective QoS differen-

tiation. In fact, the use of optical bursts in combination with packets and circuits

enables for the dynamic implementation of different service classes, thus adapt-

ing the network to the current traffic characteristics and leading to an efficient

QoS differentiation.

However, so far we only considered the HOS core network and thus we ne-

glected the architecture of the HOS edge network and the implementation of

specific QoS policies. The HOS edge network is responsible for providing con-

nectivity toward external networks and applying QoS policies on incoming and

outgoing data. In this Section, we extend our analysis by introducing a novel

HOS edge node architecture and evaluating its impact on network performance

and energy efficiency. Furthermore, we define four service classes for our HOS

network and map a possible set of future services into these classes. We will

prove that HOS has the potential of providing the QoS differentiation needed by

the future Internet applications, while providing a higher energy efficiency with

respect to electronic switching solutions.
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The rest of the Section is organized as follows. Firstly, we describe the QoS

classes implemented in the HOS network in Section 2.3.1. Secondly, in Section

2.3.2 we present the HOS edge node architecture. Then, in Section 2.3.3 the

analytical model employed for the power consumption evaluation of the HOS

edge network is introduced. In Section 2.3.4 we define the simulation model and

the performance metrics, and in Section 2.3.5 we present results of performance

and energy efficiency. Finally, Section 2.3.6 draws conclusions. The results shown

in this Section are part of the work presented in [69].

2.3.1 Quality of Service

Future networks will be required to support a wide range of services and applica-

tions with different requirements in term of QoS. Any attempt to classify future

services into a limited number of typical descriptions of traffic characteristics and

QoS demands can never be exhaustive. However, a rough classification of future

services can be provided taking into consideration their tolerance to loss, delay

and jitter. Basing on these metrics, in [70], the user/subscriber traffic has been

classified in ten classes of service and a standard mapping between each class

and a Differentiated Code Point (DSCP) value has been proposed. The DSCP is

a 6-bit field that is used to perform packet classification in DiffServ [67,68] and

replaces the type of service (TOS) field in the IPv4 header or the traffic class

field in the IPv6 header. In DiffServ a different Per-Hop Behavior (PHB), i.e. a

different forwarding treatment, is associated to each DSCP.

In this paper, we propose a possible mapping of the ten classes of service

defined in [70] onto the four optical transport mechanisms employed in the pro-

posed HOS networks, i.e. circuit, long burst, short burst and packet. In other

words, each of the ten classes defined in [70] is mapped onto the most appropri-

ate optical transport mechanism. The traffic classification is performed basing

on the DSCP field of IP packets arriving at the HOS network. When an IP

packet arrives at the edge node, a traffic classifier processes its DSCP field, as-

sociates the packet to one of the service classes defined in [70] and then selects

the most appropriate transport mechanism. Table 2.4 reports the ten user traffic

classes with their characteristics and a possible mapping with the HOS transport

mechanisms.

The TDM-circuits are used to transport the services that have the most

stringent requirements in terms of QoS and that are characterized by large and
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Table 2.4: Traffic classes and their mapping on the HOS transport mechanisms.

Service name
Tolerance to

loss

Tolerance to

delay

Tolerance to

jitter

Transport

type

Telephony Very low Very low Very low TDM-Circuit

Signaling Low Low Yes Short burst

Multimedia

conferencing
Low-Medium Very low Low TDM-Circuit

Real-time

interactive
Low Very low Low Short burst

Multimedia streaming Low-Medium Medium Yes Short burst

Broadcast video Very low Medium Low Long burst

Low latency data Low Low-Medium Yes Long burst

High throughput data Low Medium-High Yes Long burst

Low priority data High High Yes Packet

Standard
Not

specified

Not

specified

Not

specified
Packet

stable flows. Data are queued at the ingress edge node until the circuit has

been established through the network using the two-way reservation mechanism,

and once the circuit has been established, data are carried without losses, jitter

and delays, except from the propagation delay, thereby ensuring high QoS. Long

bursts are associated to applications generating long flows that do not have

stringent requirements in terms of delay. In fact, due to long assembly times

and long offset-times, long bursts introduce a relatively high delay. On the other

side, the long offset-times gives to long bursts a kind of prioritized handling in

comparison to short bursts and packets that results in low loss rates. Short

bursts are well suited for applications requiring a minimum guaranteed level of

QoS in terms of both losses and delays and characterized by rapidly changing

traffic. Finally, packets are used to transport services that have a relatively high

tolerance to loss, delay and jitter.

In the all-optical HOS network packets and short bursts are forwarded by

means of fast optical switching elements and without buffers for contentions res-

olution. Consequently, packets and short bursts are expected to have relatively

high loss rates, but, since they are not buffered at the core nodes they will intro-

duce relatively small delays and jitters. In the optical/electronic HOS network

packets and short bursts are transmitted using fast electronic switching elements
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Figure 2.20: Architecture of a HOS edge node.

and electronic buffers are used for solving contentions at the core nodes. This

will results in negligible losses, but will increase significantly delays and jitters.

2.3.2 Edge Node Architectures

Edge nodes perform the tasks required for the interoperability between the core

network and the legacy networks, and in particular they are responsible for the

traffic aggregation and classification. Edge nodes can have a strong impact on

performance and energy efficiency, and thus we decided to include them in our

analysis. For the all-electronic network we consider a traditional implementa-

tion of an electronic edge router with a switching fabric interconnecting a large

number of electronic LC. The electronic LC deploy all the functions needed for

the interoperability toward the legacy networks, and perform traffic classification

and shaping according to the QoS policies adopted in the network core.

The HOS edge node architecture is depicted in Figure 2.20. When a packet

arrives at a LC from a legacy network, its header information is extracted and

passed through the switch to the GMPLS control, while the remainder of the

packet remains in the inbound LC. The GMPLS module processes the informa-

tion in the IP header and associates the packet to a proper FEC. If there exists

an already established LSP associated to the FEC, the packet is assigned to this

LSP. Otherwise, the GMPLS module sends a request to a PCE that creates a
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new LSP and connects it to the FEC. Once the LSP has been identified, the

information is sent back to the inbound LC and the packet is forwarded through

the switch to the proper output LC. It is worth remembering that the GMPLS

operates at the fiber level, and thus the GMPLS module selects only the output

fiber where to forward the packet and it does not select a specific wavelength

that will be selected later by the resource allocator.

The output line cards are composed by the following blocks: classifier, traffic

conditioner, traffic assembler and resource allocator. The traffic classifier pro-

cesses the DSCP of incoming packets and associates each packet to an optical

transport mechanism as already described in Section 2.3.1. The second block is

the traffic conditioner. Core networks are usually managed by carrier providers

that offer services to many Internet Service Providers (ISP). The main task

of the traffic conditioner is to ensure that ISPs comply with the Service Level

Agreement (SLA) for employing the core network. As an example, a maximum

number of circuits that can establish simultaneously through the HOS network

could be assigned to each ISP. The traffic conditioner keeps track of all the cir-

cuits that are established by the ISPs. When an incoming packet requires for the

establishment of a new circuit, the traffic conditioner checks if the ISP is allowed

to establish the circuit according to its SLA. In case the ISP is not allowed, the

packet will be remarked and transmitted using a different transport mechanism.

The third block is the traffic assembler, which in turn is divided into 4 parallel

sub-blocks, one for each transmission scheme. The first sub-block is the optical

packet generator, which simply converts the incoming IP packets into the optical

domain. The second sub-block is the short bursts assembler that is composed

by a queue for the burst formation and employs a mixed timer-length assembly

algorithm [71]. When an IP packet arrives at the queue a timer is started and as

soon as the timer expires or the length of the queue achieves a certain threshold,

the burst is completed. The third sub-block is the long bursts assembler, which

is similar to the previous one but employs a different assembly algorithm. In

this case, we define two thresholds Lmin and Lmax > Lmin. When the length

of the queue overcomes Lmin a timer is started. The burst is generated as

soon as the timer expires or the queue length becomes equal or greater than

Lmax. This mechanism ensures that long bursts are always longer than Lmin.

This is important because long bursts are forwarded using slow optical switching

elements that have switching times in the order of milliseconds. If the long bursts
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are too short, i.e. their duration is lower than a few milliseconds, this would lead

to high inefficiencies. On the other side, Lmin must not be too high. Otherwise,

if the arrival rate of IP packets is low the burst generation would require a lot of

time leading to high delays. Finally, the fourth sub-block is the circuit generator

that performs traffic grooming functionalities and is equipped with a buffer for

storing packets until the lightpath has been established.

The last block is the resource allocator that schedules circuits, bursts and

packets on specific output wavelengths. The resource allocator is composed by a

switch and a scheduler and employs electronic buffers to solve contentions. Data

are stored until an available output resource is found, and consequently the

resource allocator does not introduce losses but it may introduces extra-delays.

In the direction toward the legacy networks, the packet extractor is used to

extract IP packets from bursts and TDM-circuits.

2.3.3 Edge Nodes Power Consumption

Let us consider a core network with a mesh topology, like the Pan-European

network [72]. We assume that each node in the network is composed of a core

switch, which forwards the traffic through the core network, and an edge router,

which provides traffic aggregation and interoperability between core and legacy

networks. Let M be the number of ingress/egress fibers at each core switch and

let N be the number of wavelengths per fiber. We assume that at each core

switch a fraction R of the incoming fibers is connected to the edge node and

the corresponding traffic is dropped and received by the electronic edge router.

Correspondingly, the same number of fibers is used to add new traffic into the

network by the edge router. The number of fibers that are added/dropped at

each node is then given by D = R ·M , and each edge node is connected to the

corresponding core node by D fibers with N wavelength channels each. In this

scenario, we define the energy consumption of a network node as the sum of

the energy consumed by the edge router and the energy consumed by the core

switch:

PC = PEdge + PCore (2.29)

The energy consumptions of the edge router and core switch are obtained by

summing the power consumption of all their active components. In the following
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Table 2.5: Power consumption of the HOS edge node.
Components Power

Line Card (LC ) at 40 Gbps 300 W

Route Processor (RP) 200 W

Switch 8 W

Traffic Classifier and Conditioner (TCC ) 62 W

Traffic Assembler (Ass) 62 W

Resource Allocator (RA) 680 W

Packet Extractor (PE) 25 W

we will introduce an analytical model for evaluating the power consumption of

the edge nodes. As regards the core nodes, we refer the architectures and power

consumption models introduced in Section 2.1 and 2.2.

2.3.3.1 HOS Edge Node

The HOS edge node architecture can be logically divided in two blocks. The

first block includes all the functions for interfacing toward the legacy networks

and can be referred to as the general edge functions block. The second block is

responsible for traffic aggregation and shaping and it can be referred to as the

traffic aggregation block. We can then define the power consumption of the edge

nodes through the following formula:

PEdge = PGEF + PTA (2.30)

where PGEF is the power consumption of the general edge function block

and PTA is the power consumption of the traffic aggregation block. The power

consumption of the general edge function block is given by the following formula:

PGEF = D ·N · (PLC +
PRP

16
+ PSwitch) (2.31)

where PLC , PRP and PSwitch are the power consumption of the input LCs,

the route processors, and the switch, respectively. The route processors are

used to perform the functions of the GMPLS module in a distributed manner,

with one route processor every 16 LCs. The switch is used to interconnect the

LCs, and PSwitch represents the power consumption per switch port. The power
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consumption of the traffic aggregation block is obtained through the following

formula:

PTA =
D ·N

2
(PTCC + PAss +

PRA

N
+ PPE) (2.32)

where PTCC is the power consumption of the traffic classifier and traffic

conditioner that are realized using a unique large field programmable gate array.

The PAss, PRA and PPE are the power consumptions of the traffic assembler,

resource allocator and packet extractor, respectively. The dividing factor two

is due to the fact that the traffic aggregation functions are implemented only

at the output ports. The energy consumptions of all the considered network

components are reported in Table 2.5 and have been obtained by collecting

data of a number of commercially available components as well as from research

papers.

2.3.3.2 All-electronic Edge Node

The energy consumption of the all-electronic edge router can be also obtained us-

ing formula 2.30. However, in this case the traffic aggregation block includes only

the traffic classifier and the traffic conditioner. In fact, since the all-electronic

network is a pure packet switched network the functions such as traffic assem-

bly, resource allocation and packet extraction are not required. As a result, the

power consumption of the all-electronic edge router will be lower than the power

consumption of the HOS edge routers.

2.3.4 Edge and Core Network Simulation Setup

In this Section we describe the performed analysis by describing the simulation

setup and presenting the performance metrics that are used to compare the

considered network solutions.

The performance and power consumption of the proposed networks have been

assessed by means of an event-driven simulator, developed specifically for this

scope. The network setup is depicted in Figure 2.21, and consists of a cascade

of core nodes each connected to an edge router.

The edge routers receive IP packets coming from legacy networks and perform

traffic classification, traffic assembly and resource allocation. The IP packets are
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Figure 2.21: Simulation setup.

generated according to a Poisson distribution. No specific transport protocol

is considered because it does not influence our analysis and theoretically any

transmission control mechanism could be employed. The DSCPs of the incoming

IP packets are randomly generated and are modeled in order to ensure that in

the HOS core networks the resources are equally distributed among circuits,

long bursts, short bursts and packets. At each core node, traffic addressed to

this particular node is received and sent to the edge router. The add/drop ratio

R is set to 0.25, i.e. at each core node one fourth of the fibers are terminated and

the corresponding traffic is sent to the destination edge node. Core nodes forward

data on the proper output fiber according to their destination and employing

the appropriate scheduling algorithm.

The setup of Figure 2.21 can be considered as a link in a mesh network,

such as the Pan-European network. We assume a possible future design of the

Pan-European network with both nodes and links of high-capacity. Because the

average node degree is 3 and the add/drop ratio is 0.25, each core node has in

average 24 input and 24 output fibers, i.e. M = 24. The number of wavelengths

per fiber N is set to 80 and each wavelength channel is operated at 40Gbps,

resulting in an average aggregate capacity per core node of 76.8Tbps. Each

edge node is connected to the corresponding core node by D = 6 fibers. The

considered network architectures are compared by means of the following metrics:

average loss rates, maximum delays, maximum jitters, and energy efficiency.

Loss rates and delays are considered in order to prove the effectiveness of HOS

of supporting the classes of service introduced in Section 2.3.1. We consider

connections with 4 and 8 hopes, which are respectively the average and the
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maximum number of hops in the Pan-European network.

The average loss rates are defined as in previous Sections. The delay is

defined as the time between the arrival of an IP packet at the source edge node

and the time in which the IP packet is received by the destination edge node. In

the HOS networks the packet delay is the delay experienced by IP packets that

are transmitted as optical packets through the core network. Similarly, the short

burst delay, long burst delay, and circuit delay, are the delays experienced by IP

packets that are transmitted through the core network within a short burst, a

long burst or a circuit, respectively. In the all-optical HOS network the delays

are obtained through the following formulas:
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(2.33)

Here, DRA is the delay introduced by the resource allocator at the network

edge. DAss and DOff are the delays introduced by the bursts assembler and

the bursts offset-time, respectively. Finally, DProp is the propagation delay,

i.e. the time required to propagate the optical signal through the links. In the

optical/electronic HOS network electronic buffers are employed at the core nodes

for packet and short burst contention resolutions. Consequently, the delays are

obtained using the following formulas:






















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
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
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D
Packet,OE
IPpacket = DRA +DBuff +DProp

D
ShortBurst,OE
IPpacket = DAss +DOff +DRA ++DBuff +DProp

D
LongBurst,OE
IPpacket = DAss +DOff +DRA +DProp

D
Circuit,OE
IPpacket = DProp

(2.34)

where DBuff is the delay introduced by the electronic buffers. We assume

that the TDM-circuit durations are sufficiently longer than the time required for

their establishment using the two-way reservation mechanism. As a consequence,



2.3. HOS EDGE NETWORK AND QOS 69

in formulas 2.33 and 2.34 we set the circuit delay equal to the propagation delay.

The all-electronic network is a pure packet switched network and the delays are

given by the sum of the buffering delays at the core nodes and the propagation

delay:

D
Packet,E
IPpacket = DBuff +DProp (2.35)

In the all-electronic network the edge nodes introduce no extra-delays be-

cause no resource allocation functions are needed. It can be noted that the

propagation delay DProp is an additive constant that is equal for all the con-

sidered delays. Since we are interested in comparing the delays in the different

network architectures, we decided to neglect DProp because it has no relevance

in our analysis.

In accordance with the definition of delays given above, we define the maxi-

mum jitter as the maximum delay variation between IP packets. Consequently,

we refer to maximum packet jitter as the difference between the maximum and

the minimum packet delays. In the HOS network, we refer then to short burst,

long burst and circuit maximum jitter, as the difference between the maximum

and the minimum long burst, short burst, and circuit delays, respectively.

To compare the energy efficiency of the considered network architectures,

we use the definition of improvements in energy efficiency between the HOS

networks and the all-electronic network that we already introduced in Section

2.1.4. In addition, we define the improvement in energy efficiency between the

all-optical HOS and the all-electronic network as:

IEO,E =

Th
PC

|O − Th
PC

|E
Th
PC

|E
· 100% (2.36)

where Th is the achievable throughput and PC the total power consumption

of a network node.

2.3.5 Numerical Results

In this Section we present and compare the performance of the all-optical HOS,

optical/electronic HOS and all-electronic core and edge networks. Firstly, we

will take into consideration the average loss rates, secondly the maximum delays

and jitters, and finally the energy efficiency.
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Figure 2.22: Data loss rates as a function of the input load in a link with 4
cascaded nodes.

2.3.5.1 Loss Rates

Figure 2.22 shows the average data loss rates as a function of the input load

in a link with 4 cascaded nodes. The Figure shows that in the all-optical HOS

network the packets have the highest loss probability, which is in the order of

10−1 for loads higher than 90%. Due to shorter offset-times, short bursts have

loss rates that are almost two order of magnitude higher with respect to long

bursts, but always at least one order of magnitude lower than the packet loss

rates, providing a minimum level of QoS. Long bursts have the lowest loss rates

that are always lower than 10−3, even for very high input loads. As regards the

optical/electronic HOS network, the packets and short bursts are transmitted us-

ing the fast electronic switch and electronic buffers are used to solve contentions

at the core nodes, so we can assume that their loss rates are negligible. Long

bursts, which are instead forwarded using slow optical switching elements, show

almost the same loss rates as in the all-optical HOS network. Finally, the cir-

cuit establishment failure probability is always zero in both the all-optical and
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Figure 2.23: Data loss rates as a function of the input load in a link with 8
cascaded nodes.

optical/electronic HOS networks. The all-electronic network is a pure packet

switched network with negligible data losses.

Figure 2.23 shows the data loss rates as a function of the input load in a link

with 8 cascaded nodes. The same observations as in the previous case can be

made, but here the loss probabilities are noticeably higher. In particular, the

short and long bursts suffer from the increased number of cascaded nodes showing

much higher losses especially for relatively low input loads. On the other hand,

packets do not suffer too much from the increased number of cascaded nodes

because they can be inserted into unused TDM-slots of circuits. In fact, the

simulation results demonstrate that the higher is the number of nodes in the

cascade and the higher is the probability for a packet to find a circuit with the

same destination that has a free TDM-slot. The circuit establishment failure

probability is again always null.
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Figure 2.24: Maximum delay experienced by IP packets that are transmitted
through the HOS networks as optical packets.

2.3.5.2 Delays and Jitters

In Figure 2.24 the maximum packet delays and jitters are shown for the three

considered network architectures in links with 4 and 8 cascaded nodes. The

Figure shows that the maximum packet delay and the maximum packet jitters

always coincide. This is due to the fact that in our simulations, the minimum

packet delay is always null and therefore we obtain that the maximum packet

jitters is always equal to the maximum packet delay. To understand why, it is

worth remembering that we neglect the propagation delayDProp and we consider

only the delays introduced for data processing. Packets that do not contend

for output resources neither in the edge node nor in the core nodes are then

transmitted without delays and thus we obtain that the minimum packet delay

is null.

The Figure also shows that packet delays increase exponentially while in-

creasing the input load. When the load is lower than 60% the packet delays in

the all-optical and optical/electronic HOS networks are almost the same. In the
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Figure 2.25: Maximum delay experienced by IP packets that are transmitted
through the HOS networks within short bursts.

optical/electronic HOS network, while increasing the load from 60% to 90% the

packet delays increase very fast, due to the delay introduced by the electronic

buffers, DBuff . This is due to the fact that the higher is the input load and the

higher is the packets contention probability, resulting in longer waiting times in

the electronic buffers. The Figure also shows that with 8 nodes the maximum

delays in the optical/electronic network are much higher due to the fact that

the longer is the cascade and the higher is the probability of contention. On the

other side, in the all-optical HOS network the packet delays do not increase much

with the increase in the input load and the maximum delay is not influenced by

the length of the cascade. This is due to the fact that the core nodes do not

employ buffers for contention resolution and thus they do not introduce delays.

Here, the delay is only due to the resource allocation DRA at the edge nodes.

Figure 2.25 shows the short bursts delays and jitters in the HOS networks

for links with 4 and 8 cascaded nodes. In this case, delays and jitters show the

same trend but different values. In fact, the minimum short burst delay is always

greater than null due to the assembly delay DAss and the offset-time DOff . DAss
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Figure 2.26: Maximum delay experienced by IP packets that are transmitted
through the HOS networks within long bursts.

depends on the arrival rate of IP packets at the edge node, whileDOff depends on

the priority given to the burst and in our simulations is a uniform random value

within a specified interval. The Figure shows that while increasing the network

load the difference between the maximum and minimum delays increases and

the curves representing the jitters approach the curve representing the delays.

Again we observe that for relatively low loads, below 50%, the delays in the

all-optical and optical/electronic HOS networks are similar. While increasing the

load the probability of contention becomes higher, and this leads to increasing

the short burst loss rate in the all-optical HOS network and the short burst delay

in the optical/electronic HOS network. As a result, for loads higher than 50%

D
ShortBurst,OE
IPpacket becomes much higher than D

ShortBurst,O
IPpacket , especially in the link

with 8 cascaded nodes. Comparing Figures 2.24 and 2.25 it can be observed

that for loads below 70% short bursts show always higher delays with respect to

packets. This is due to the time that is required for the short burst assemblyDAss

and to the offset-time DOff . In particular, DAss is higher at low loads because

when the arrival rate of IP packets is low the assembler takes more time for
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Figure 2.27: Maximum IP packets delays in the all-electronic network.

generating the bursts. However, when the load is higher than 70%, DPacket,OE
IPpacket

becomes much higher than D
ShortBurst,OE
IPpacket , due to the fact that packets are

scheduled with lower priority.

In Figure 2.26 the long bursts delays and jitters as a function of the input

load are shown for the HOS networks. The long bursts delay show a completely

different trend with respect to packets and short bursts delays. This is because

the main contributor to the long bursts delay is the assembly delay DAss. The

higher is the input load and the higher is the arrival rate of the IP packets

to the edge nodes, which in turn reduces the long bursts assembly time. As a

consequence while increasing the input load the long bursts delay decreases. The

all-optical and optical/electronic long burst delays show almost the same trend

and both are lower in the link with 4 cascaded nodes, except that for very high

input loads. As for the short bursts, long burst jitters and long burst delays

show the same trend as a function of the network load. Again, the minimum

short burst delay cannot be null due to DAss and DOff . Increasing the network

leads to both lower maximum and minimum DAss, however the Figure shows

that the difference between maximum and minimum DAss is always relatively
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large leading also high long burst jitters.

Finally, in Figure 2.27 the maximum delays and jitters of the IP packets in

the all-electronic network are shown. All the packets are supposed to have the

same priority and the delays are only due to the electronic buffering at the core

nodes. As in the HOS networks, the minimum packet delay is always null and

thus the maximum jitters and the maximum delays coincide. The Figure shows

that the all-electronic network is able to keep the delays bounded to less the 2ms

even for very high input loads. This is due to the fact that no delays are intro-

duced at the edge nodes for burst assembly or resource allocation. Furthermore,

in the all-electronic network packets share the resources efficiently leading to a

low probability of congestion at the network core and low buffering delays at low

and moderate loads. At high loads of more than 80%, the IP packet delays in-

crease exponentially as we have already observed in the optical/electronic hybrid

network. However, in the all-electronic network the entire traffic is experiencing

increased delays, while the hybrid optical networks are capable of guaranteeing

low and deterministic delays for the IP packets transmitted over circuits. Thus,

the HOS networks are able to provide an efficient service differentiation directly

at the optical layer.

2.3.5.3 Energy Efficiency

In Figure 2.28 we show the improvements in energy efficiency between the HOS

networks and the all-electronic network as a function of the input load. The

IEO,E and the IEO/E,E are shown when considering both core and edge nodes,

and additionally, for a network containing core nodes only. In the former case,

the power consumption of a network node and the increase in energy efficiency are

defined as in Section 2.3.3 and 2.3.4. In the latter case, the power consumption

of the edge nodes is neglected and we assume PC = PCore.

The Figure shows that the lower is the load and the higher is the improvement

in energy efficiency provided by the hybrid architectures. This is explained by

the fact that in the HOS networks it is possible to schedule the switch off of

the unused ports, which can lead to large power savings. The lower is the load

and the higher is the number of ports that can be switched off, which leads to

a higher energy efficiency with respect to the all-electronic network. The Figure

also shows that when considering only the core nodes the improvement of the
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Figure 2.28: Increases of efficiency between the HOS networks and the all-
electronic network as a function of the input load.

energy efficiency is much higher. The energy efficiency of an all-optical and an

optical/electronic HOS core node is, respectively, around 9 and 2 times higher

than the energy efficiency of an all-electronic core node even for very high input

loads. However, when we take into consideration also the power consumption of

the edge nodes the increases of efficiency are lower. This is due to the fact that

the HOS edge nodes implement complex and power consuming traffic assembly

functions that decrease the energy efficiency of the HOS networks. This effect

is more evident for IEO,E that changes from 790% to 190% when the input

load is as high as 90%. The trend is less evident for the optical/electronic

network, where the curves with and without the edge nodes become very similar

at high input loads. This is due to the fact that at high input loads the power

consumptions of both the all-electronic and optical/electronic HOS networks are

dominated by the power consumption of the core electronic switch.

In Figure 2.29 the improvements of energy efficiency are shown as a function

of the add/drop ratio R. The Figure shows that the higher is the add/drop

ratio and the lower are the improvements of efficiency provided by the HOS
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Figure 2.29: Increases of efficiency between the HOS networks and the all-
electronic network as a function of the percentage of fibers that are terminated
at each node.

networks. In fact, the higher is R and the higher is the number of fibers that are

terminated at each core node, and in turn the higher is the size and the capacity

of the edge nodes. The higher is the size of an edge node and the higher is

its energy consumption. Since the energy consumption of the edge nodes has a

strong impact on the HOS networks, an increase of the add/drop ratio results

in a decrease of both IEO,E and IEO/E,E . In the all-optical HOS network the

energy consumption of the edge nodes is dominant even at very high input loads,

and consequently IEO,E decreases more abruptly than IEO/E,E .

2.3.6 Conclusions

In this paper we studied the performance and energy efficiency of two possible im-

plementations of a HOS network, namely all-optical HOS and optical/electronic

HOS, which include edge and core nodes. The HOS edge node architecture has

been studied and an analytical model has been proposed for the evaluation of
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its energy consumption. Four different HOS classes of service have been de-

fined, namely TDM-circuits, long bursts, short bursts and packets, and a set

of possible future Internet applications have been mapped into these classes.

The HOS edge nodes map each application onto the most suited optical trans-

port mechanism using the content of the DSCP field of the IPv4 or IPv6 packet

header. Performance and energy efficiency of the analyzed HOS networks have

been evaluated through a combined analytical and simulation approach, with

particular attention to their capability of supporting different classes of service

while reducing the energy consumption of current solutions based on electronic

switching. The metrics that have been introduced to perform this analysis are

average loss rate, maximum delay, and improvement in energy efficiency toward

an electronic switching solution.

Results show that HOS has the potential for supporting future Internet appli-

cations with the required QoS. Premier applications generating long and stable

traffic flows are associated to TDM-circuits that provide no losses, negligible de-

lays and no jitter. Applications requiring low loss rates and that are not sensitive

to delays are carried over long bursts. Short bursts are associated to applica-

tions that require minimum guaranteed requirements in terms of both loss and

delay. Finally, packets are used to transmit applications that have no specific

QoS requirement.

Furthermore, we demonstrated that both the all-optical HOS and optical/electronic

HOS networks are able to improve considerably the energy efficiency of current

networks based on electronic switching. In particular, the all-optical HOS net-

work always improves the energy efficiency by at least a factor of 3. The edge

nodes have a strong impact on the energy consumption of the HOS networks

and reduce strongly the improvement of energy efficiency with respect to the

all-electronic network. The improvements in energy efficiency decrease while in-

creasing the input load and while increasing the percentage of fibers that are

terminated at each node.
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Chapter 3

Energy-efficiency in Data

Centers

Current data centers networks rely on electronic switching and point-to-point

interconnects. When considering future data center requirements, these solu-

tions will raise issues in terms of flexibility, scalability, performance and energy

consumption. For this reason several optical switched interconnects, which make

use of optical switches and WDM, have been recently proposed. They can be

categorized in three groups: hybrid solutions, which envisage the use of optical

circuit switching in combination with electronic packet switching, optical circuit

switching solutions, optical burst/packet switching solutions. However, hybrid

and optical packet/burst switching solutions are limited by their relatively high

energy consumption. On the other side, optical circuit switching solutions are

characterized by low flexibility and low resource utilization.

In this Chapter we introduce two novel data center networks, which are re-

spectively based on the HOS and EON concept. The former, referred to as

HOSDC, envisages the use of a novel and highly scalable optical switch in the

core tier, which enable to interconnect a high number of electronic aggregation

switches. The electronic aggregation switches require minimal hardware mod-

ifications with respect to current commodity switches. As a consequence, the

HOSDC interconnect is a applicable in the short/mid term and, as we will prove

in this Section, achieves high performance and low energy consumption. How-

ever, in the long term HOSDC interconnect may be limited by the capability

to scale with the capacity of the servers. As shown in [41], while in 2013 the

81
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majority of the servers deployed worldwide are equipped with 1 Gbps NICs, the

capacity of the servers will increase rapidly in the future. To keep up with this

trend we propose the EODC interconnect, which is based on the EON paradigm

and is able to support capacities up to 100 Gbps per server. The EON concept

ensures flexibility and high bandwidth utilization, while the proposed EODC

architecture is studied for achieving low energy consumption.

Finally, we propose for the first time an integrated network architecture

that provides both intra-data-center and inter-data-center connectivity together

with interconnection toward legacy IP networks. The main advantage of the

integration of core and intra-data-center networks comes from the possibility

to avoid the energy inefficient electronic interfaces between data centers and

telecommunication network. The integrated network utilizes an optimized edge

caching deployment for achieving maximum energy savings. The results will

prove that the proposed network achieves higher energy efficiency with respect

to current non-unified solutions and represent a promising solution for future

carrier cloud operators.
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3.1 HOS for Data Center Networks

In this Section we propose and evaluate the HOSDC interconnect for data cen-

ters. The HOS switching paradigm ensures a high network flexibility that we

have not found in the data center solutions proposed so far in technical litera-

ture. We evaluate the proposed HOS architecture by analyzing its performance,

energy consumption and scalability. We compare the energy consumption of the

proposed HOS network with a traditional network based on optical ptp intercon-

nects. We demonstrate that HOS has potential for satisfying the requirements of

future data centers networks, while reducing significantly the energy consump-

tion of current solutions. The rest of the paper is organized as follows.

The rest of this Section is organized as follows. In Section 3.1.1 we describe

a reference optical ptp architecture and the proposed HOSDC interconnect. In

Section 3.1.2 we present the model used for the evaluation of energy consumption.

In Section 3.1.3 we describe the performed analysis and discuss data center traffic

characteristics. In Section 3.1.4 we present and discuss the results and, finally,

in Section 3.1.5 draw conclusions.

3.1.1 Data Center Interconnects

In the following we will, firstly, describe the architecture of a traditional data

center interconnect based on optical point-to-point interconnects and electronic

switching, secondly, introduce the HOSDC network architecture.

3.1.1.1 Optical ptp Architecture

Figure 3.1 shows the architecture of a current data center based on electronic

switching and optical ptp interconnects. Here, multiple racks hosting the servers

are interconnected using a fat-tree 3-Tier network architecture [73]. The 3 tiers

of the data center network are the edge tier, the aggregation tier and the core

tier. In the edge tier the Top-of-Rack (ToR) switches interconnect the servers

in the same rack. We assume that each rack contains NS servers and that

each server is connected to a ToR switch through a 1 Gbps link. Although in

future data centers, servers might be connected using higher capacity links, the

majority of current data centers still use 1 Gbps links. In future works we plan
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Figure 3.1: Architecture of a data center employing an optical ptp interconnec-
tion network. ToR: top of the rack, OA: optical amplifiers.

to consider higher capacity per server port and evaluate the effect of increased

server capacity on the network performance.

As many as NT ToR switches are connected to an aggregation switch us-

ing 40 Gbps links. The aggregation switches interconnect the ToR switches in

the edge tier using a tree topology and are composed of a CMOS electronic

switching fabric and electronic modules that implement traffic aggregation and

classification functions. Each aggregation switch is connected to the electronic

core switch through a WDM link composed of W wavelengths channels operated

at 40 Gbps. The core switch is equipped with N ·W · 40 Gbps ports for inter-

connecting as many as N aggregation switches. Furthermore, the core switch

employs M ·L ·40 Gbps ports for connecting the data center to a Wide Area Net-

work (WAN). We assume that the data center is connected to a WAN employing

the MPLS control plane. It is worth noting that the considered optical ptp archi-

tecture employs packet switching in all the data center tiers. The electronic core

switch is a large electronic packet switch that comprises three building blocks,

namely control logic, switching fabric and other optical components. The control

logic comprises the MPLS module and the switch control unit. The MPLS mod-

ule performs routing, signaling and link management as defined in the MPLS

standard. The switch control unit performs scheduling and forwarding function-

alities and drives the electronic switching elements. The switching fabric is a

single electronic switch interconnecting a large number of electronic line cards

(LCs). Finally, the other optical components include the WDM demultiplex-
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ers/multiplexers (WDM DeMux/Mux) and the optical amplifiers (OA) used as

boosters to transmit toward the WAN.

In data centers with many thousands of servers, failures in the interconnection

network may lead to losses of a high amount of important data. Therefore,

resilience is becoming an increasingly critical requirement for future large-scale

data center networks. However, the resilience is out of scope of this study and

we do not address it in this paper, leaving it as an open issue for a future work.

3.1.1.2 HOS Architecture

The architecture of the proposed HOS optical switched network for data centers

is shown in Figure 3.2. The HOS network is organized in a traditional fat-

tree 3-Tier topology, where the aggregation switches and the core switches are

replaced by the HOS edge and core node respectively. The HOS edge nodes

are electronic switches used for traffic classification and aggregation. The HOS

core node is composed by two parallel large optical switches. The HOS edge

node can be realized by adding some minimal hardware modifications to current

electronic aggregation switches. Only the electronic core switches should be

completely replaced with our HOS core node. As a consequence, our HOS data

center network can be easily and rapidly implemented in current data centers

representing a good mid-term solution toward the deployment of a fully optical

data center network. When higher capacities per server, e.g. 40 Gbps, will be

required, operators can just connect the servers directly to the HOS edge switches

without the need of passing through the electronic ToR switches. In this way

it will be possible to avoid the electronic edge tier, meeting the requirements of

future data centers and decreasing the total energy consumption. In the long

term, it is possible also to think about substituting the electronic HOS edge

switches with some optical devices for further increase the network capacity.

This operation will not require any change in the architecture of the HOS core

node, which can be easily scaled to support very high capacities. Furthermore,

for increased overall performance and energy efficiency we assume that the HOS

core node is connected to a HOS WAN, even if in general the core node could

be connected to the Internet using any kind of network technology.

The architecture of a HOS edge node is shown in Figure 3.3. In the direction

toward the core switch the edge node comprises three modules, namely classifier,
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Figure 3.2: Architecture of a data center employing a HOS interconnection net-
work.

traffic assembler and resource allocator. In the classifier, packets coming from

the ToR switches are classified basing on their application layer requirements

and are associated with the most suited optical transport mechanism. The traf-

fic assembler is equipped with virtual queues for the formation of optical packets,

short bursts, long bursts and circuits. Finally, the resource allocator schedules

the optical data on the output wavelengths according to specific scheduling al-

gorithms that aim at maximizing the bandwidth usage. In the direction toward

the ToR switches a HOS edge node comprises packet extractors, for extracting

packets from the optical data units, and an electronic switch for transmitting

packets to the destination ToR switches.

As for the electronic core switch, we can divide the HOS core node in three

building blocks, i.e. control logic, switching fabric and other optical components.

The control logic comprises the GMPLS module, the HOS control plane and the

switch control unit. The GMPLS module is used to ensure the interoperability

with other core nodes connected to the WAN. The GMPLS module is needed

only if the HOS core node is connected to a GMPLS-based WAN, such as the

WAN proposed in Chapter 2. The HOS control plane manages the scheduling

and transmission of optical circuits, bursts and packets. Three different schedul-

ing algorithms are employed, one for each different data type, for optimizing the
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Figure 3.3: HOS edge node architecture.

resource utilization and minimizing the energy consumption. A unique feature

of the proposed HOS control plane is that packets can be inserted into unused

TDM-slots of circuits with the same destination. This technique introduces sev-

eral advantages, such as higher resource utilization, lower energy consumption

and lower packet loss probability. For a detailed description of the HOS schedul-

ing algorithms the reader is referred to Section 2.1. Finally, the switch control

unit creates the optical paths through the switching fabric. The switching fabric

is composed of two optical switches, a slow switch for handling circuits and long

bursts and a fast switch for the transmission of packets and short bursts. The fast

optical switch is based on semiconductor optical amplifiers (SOA) and its switch-

ing elements are organized in a nonblocking three-stage Clos network. The slow

optical switch is realized using 3D micro electromechanical systems (MEMS).

Finally, the other optical components include WDM DeMux/Mux,OAs, tunable

wavelength converters (TWCs), and control information extraction/reinsertion

(CIE/R) blocks. TWCs can convert the signal over the entire range of wave-

lengths, and are used to solve data contentions.

3.1.1.3 HOS Transport Mechanisms

The proposed HOS network supports three different optical transport mecha-

nisms, namely circuits, bursts and packets. The different transport mechanisms

share dynamically the optical resources by making use of a common control
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packet that is sub-carrier multiplexed with the optical data. The use of a com-

mon control packet is a unique feature of the proposed HOS network that ensures

high flexibility and high resource utilization. Each transport mechanism employs

then a particular reservation mechanism, assembly algorithm and scheduling al-

gorithm according to the information carried in the control packet. For a detailed

description of the control plane the reader is referred to Section 2.1.

Circuits are long lived optical connections established between the source

and destination servers. Circuits are established using a two-way reservation

mechanism, with incoming data being queued at the HOS edge node until the

reservation has been made through the HOS network. Once the connection

has been established data are transmitted transparently toward the destination

without any losses or delays other than the propagation delay. In the HOS net-

work circuits are scheduled with the highest priority ensuring a very low circuit

establishment failure probability. As a consequence, circuits are well suited for

data centers applications with high service requirements and generating long-

term point-to-point bulk data transfer, such as virtual machine migration and

reliable storage. However, due to relatively long reconfiguration times, optical

circuits provide low flexibility and are not suited for applications generating

bursty traffic.

Optical burst switching has been widely investigated in telecommunication

networks for its potential in providing high flexibility while keeping costs and

power consumption bounded. In optical burst switching, before a burst is sent a

control packet is generated and sent toward the destination to make an one-way

resource reservation. The burst itself is sent after a fixed delay called offset-time.

The offset-time ensures reduced loss probability and enables for the implementa-

tion of different service classes. In this paper we distinguish between two types of

bursts, namely short and long bursts, which generate two different service levels.

Long bursts are characterized by long offset-times and are transmitted using slow

optical switching elements. To generate a long burst incoming data are queued

at the HOS edge node until a minimum queue length Lmin is reached. After Lmin

is reached, the burst is assembled using a mixed timer/length approach, i.e. the

burst is generated as soon as the queue reaches Lmax > Lmin or a timer expires.

The long offset-times ensure to long bursts a prioritized handling in comparison

to packets and short bursts leading to lower loss probabilities. On the other side,

the long offset-times and the long times required for burst assembly lead to large
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end-to-end delays. Short bursts are characterized by shorter offset-times and are

transmitted using fast optical switching elements. To generate a short burst we

use a mixed/timer length approach. The short burst is assembled as soon as the

queue length reaches a fixed threshold or a timer expires. No minimum burst

length is required, as was the case for the long bursts. The shorter offset-times

and faster assembly algorithm lead to a higher loss probability and lower delays

with respect to long bursts. In Chapter 2 we observed that bursts are suited only

for delay-insensitive data center applications because of their high latency. Here,

we were able to reduce the bursts latency by acting on the thresholds used in

the short and long burst assemblers. Still, the bursts present remarkably higher

delays than packets and circuits and thus are suited for data-intensive applica-

tions that have no stringent requirement in terms of latency, such as MapReduce,

Hadoop, and Dryad.

Optical packets are transmitted through the HOS network without any re-

source reservation in advance. Furthermore, packets are scheduled with the

lowest priority. As a consequence they show a higher contention probability

with respect to bursts, but on the other hand they also experience lower delays.

However, the fact that packets are scheduled with the lowest priority leads to

extra buffering delays in the HOS edge nodes, giving place to higher latency

with respect to circuits. Optical packets are mapped to data centers appli-

cations requiring low latency and generating small and rapidly changing data

flows. Examples of data center applications that can be mapped to packets are

those based on parallel fast Fourier transform (MPI FFT) computation, such

as weather perdition and earth simulation. MPI FFT requires data-intensive

all-to-all communication and consequently requires frequent exchange of small

data entities.

For a more detailed description of the HOS traffic characteristics we refer the

reader to Chapter 2.

3.1.2 Power Consumption Model

We define the power consumption of a data center as the sum of the energy

consumed by all of its active elements. In our analysis we consider only the power

consumed by the network equipment and thus we exclude the power consumption

of the cooling system, the power supply chain and the servers.
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3.1.2.1 Optical ptp Architecture

The power consumption of the optical ptp architecture is defined through the

following formula:

PNet = NT ·N · PToR +N · PAggr + PCore (3.1)

where PToR is the power consumption of a ToR switch, PAggr the power

consumption of an aggregation switch and PCore the power consumption of the

core switch. The ToR switches are conventional electronic Ethernet switches.

Several large companies, such as HP, Cisco, IBM and Juniper, offer specialized

Ethernet switches for use as ToR switch in data center networks. We estimated

the power consumption of a ToR switch by averaging the values found in the

data sheets released by these companies. With reference to Figures 3.1 and 3.2,

without loss of generality we assume NT = W . As a consequence we can assume

that the aggregation switches are symmetric, i.e. they have the same number of

input and output ports. From now on we will then use NT to indicate also the

number of wavelengths in the WDM links connecting the aggregation and core

tiers. The power consumption of an aggregation switch PAggr is then given by

the following formula:

PAggr = NT · (PCMOS + PLC) (3.2)

Here, NT is the number of input/output ports, PCMOS is the power con-

sumption per port of an electronic CMOS-based electronic switch and PLC is

the power consumption an electronic LC at 40 Gbps.

The power consumption of the electronic core switch is given by the sum of

the power consumed by all its building blocks:

PCore = PCL + PSF + POC (3.3)

where PCL is the power consumption of the control logic, PSF is the power

consumption of the switching fabric and POC is the power consumption of the

other optical components. PCL includes the power consumption of the MPLS

module and the switch control unit. When computing PSF we assume that the

electronic ports are always active. This is due to the fact that current electronic
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switches do not yet support dynamic switching off or putting in low power mode

of temporarily unused ports. The reason for that is because the time interval

between two successive packets is usually too short to schedule the switching off

of the electronic ports. As a consequence, we compute PSF through the following

formula:

PSF = (N ·NT +M · L) · (PCMOS + PLC) (3.4)

where PLC is the power consumption of an electronic LC and PCMOS is again

the power consumption per port of an electronic CMOS-based electronic switch.

Finally, POC includes the power consumption of the OAs only, since the WDM

DeMux/Mux are passive components. In Table 3.1 the power consumption of all

the elements introduced so far is reported. The values were obtained by collecting

and averaging data from a number of commercially available components and

modules of conventional switching and routing systems as well as from research

papers. A more detailed explanation on how to compute the power consumption

of the electronic core switch is given in Chapter 2.

3.1.2.2 HOS Architecture

The power consumption of the HOS network architecture is obtained through

the following formula:

PHOS
Net = NT ·N · PToR +N · PHOS

Edge + PHOS
Core (3.5)

where PHOS
Edge is the power consumption of the HOS edge node and PHOS

Core is

the power consumption of the HOS core node. The power consumption of the

HOS edge node is obtained by summing the power consumption of all the blocks

shown in Figure 3.3:

PHOS
Edge = NT · (PCs + PAs + PPE + PCMOS) + PRA (3.6)

where PCs is the power consumption of the classifier, PAs is the power con-

sumption of the traffic assembler, and PPE is the power consumption of a packet

extraction module. To compute the power consumption of the classifier and

assembler we evaluated the average buffer size that is required for performing
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Table 3.1: Values of power consumption of the components within the optical
ptp and the HOS data center networks.

Components Power [W]

Top of the Rack Switch (PToR) 650

Aggregation Switch

Electronic Switch (PCMOS) 8

Line card (PLC) 300

Electronic Core Switch

Control logic (PCL) 27,096

Optical Amplifiers (1 × port) 14

HOS Edge Node

Classifier (PCs) 62

Assembler (PAs) 62

Resource Allocator (PRA) 296

Packet Extractor (PPE) 25

HOS Core Switch

Control logic (PHOS
CL ) 49,638

SOA switch (PSOA) 20

MEMS switch (PMEMS) 0.1

Tunable Wavelength Converter (1 × port) 1.69

Control Info Extraction/Re-insertion (1 × port) 17

correct classification and assembly. We obtained an average required buffer size

of 3.080 MByte. The assembler and classifier are realized with two large FPGAs

equipped with external RAM blocks for providing the total required memory

size of 3.080 MByte. PRA represents the power consumption of the resource

allocator. Again, PCMOS is the power consumption per port of an electronic

CMOS-based electronic switch. The power consumption of the HOS core node

is obtained by summing the power consumption of the control logic, switching

fabric and other optical components:

PHOS
Core = PHOS

CL + PHOS
SF + PHOS

OC (3.7)

Here, PHOS
CL is the sum of the power consumed by the GMPLS module, the

HOS control plane and the switch control unit. When computing PHOS
SF , we

assume that the optical ports of the fast and slow switches are switched off when

they are inactive. This is possible because when two parallel switches are in

use, only one must be active to serve traffic from a particular port at a specified

time. In addition, because circuits and bursts are scheduled a priori, the traffic
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arriving at the HOS core node is more predictable than the traffic arriving at

the electronic core switch. We then compute the power consumption of the HOS

switching fabric through the following formula:

PHOS
SF = NAV

fast · PSOA +NAV
Slow · PMEMS (3.8)

Here, NAV
fast and NAV

Slow are respectively the average number of active ports

of the slow and fast switches obtained through simulations. PSOA and PMEMS

are respectively the power consumption per port of the SOA-based and MEMS-

based switches. The average number of active ports for a specific configuration

is obtained through simulations. Finally, PHOS
OC includes the power consumption

of OAs, TWCs and CIE/R blocks. The values used for the power consumption

evaluation of the HOS data center network are included in Table 3.1. A more

detailed explanation on how to compute the power consumption of the HOS core

node is given in Chapter 2.

3.1.3 HOS Data Center Simulation Setup

To evaluate the proposed HOS data center network we developed an event-driven

C++ simulator. The simulator takes as inputs the parameters of the network

and the data center traffic characteristics. The output produced by the simulator

includes the network performance and energy consumption.

3.1.3.1 Data Center Traffic

In general traffic flowing through data centers can be broadly categorized into

three main areas: traffic that remains within the data center, traffic that flows

from data center to data center and traffic that flows from the data center to

end users. Cisco [4] claims that the majority of the traffic is the one that resides

within the data center accounting for 76% of all data center traffic. This param-

eter is important when designing the size of the data center and in particular

the number of ports of the core node that connects the data center to the WAN.

Basing on the information provided by Cisco, we designed our data center net-

works so that the number of ports connecting the core node to the WAN is 24%

of the total number of ports of the core node.
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In this paper we analyze the data center interconnection network, thus we

simulate only the traffic that remains within the data center. To the best of our

knowledge a reliable theoretical model for the data center network traffic has not

been defined yet. However, there are several research papers that analyze data

collected from real data centers [74–76]. Basing on the information collected in

these papers, the inter-arrival rate distribution of the packets arriving at the

data center network can be modeled with a positive skewed and heavy-tailed

distribution. This highlights the difference between the data center environment

and the wide area network, where a long-tailed Poisson distribution typically

offers the best fit with real traffic data. The best fit [76] is obtained with the

lognormal and weibull distributions that usually represent a good model for

data center network traffic. We run simulation using both the lognormal and

weibull distributions. In order to analyze the performance at different network

loads, we considered different values for the mean and standard deviation of

the lognormal distribution as well as for the shape and scale parameters of the

weibull distribution.

In the considered data center networks, the flows between servers in the same

rack are handled by the ToR switches and thus they do not cross the aggregation

and core tiers. We define the intra-rack traffic ratio (IR) as the ratio between

the traffic directed to the same rack and the total generated traffic. According

to [74–76], the IR fluctuates between 20% and 80% depending on the data center

category and the applications running in the data center. The IR impacts both

performance and energy consumption of the HOS network and thus we run

simulations with different values for the IR. The IR ratio has instead a negligible

impact on the energy consumption of the optical ptp network. This is due to the

fact that in the optical ptp network we do not consider switching off of the core

switch ports when inactive and thus the power consumption is constant with

respect to the network traffic characteristics.

In our analysis we set the number of blade servers per rack to 48, i.e. NS = 48,

that is a typical value used in current high-performance data centers. Although

a single rack can generate as much as 48 Gbps, the ToR switches are connected

to the HOS edge nodes by 40 Gbps links leading to an over-subscription ratio

of 1.2. Over-subscription relies on the fact that very rarely servers transmit

at their maximum capacity because very few applications require continuous

communication. It is often used in current data center networks to reduce the
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overall cost of the equipment and simplify data center network design. As a

consequence, the aggregation and core tiers of a data center are designed to have

a lower capacity with respect to the edge tier.

When simulating the HOS network, we model the traffic generated by the

servers so that about 25% of the flows arriving at the edge nodes require the

establishment of a circuit, 25% are served using long bursts, 25% are served with

short bursts, and the remaining 25% are transmitted using packet switching. We

do not to consider in this paper the impact of different traffic patterns, i.e. the

portions of traffic served by circuits, long bursts, short bursts and packets. In

fact, we already evaluated this effect for core networks in 2, where we showed

that an increase in traffic being served by circuits leads to slightly higher packet

losses and a more evident increase of burst losses. Since in this paper we employ

the same scheduling algorithms as in 2, we expect a similar dependence of the

performance on the traffic pattern.

3.1.3.2 Performance Metrics

In our analysis we evaluate the performance, scalability and energy consumption

of the proposed HOS data center network.

As regards the performance, we evaluate the average data loss rates and the

average delays. When computing the average loss rates, we assume that the ToR

switches and HOS edge nodes are equipped with electronic buffers with unlimited

capacity and thus they do not introduce data losses. As a consequence, losses

may happen only in the HOS core node. The HOS core node does not employ

buffers to solve data contentions in the time domain, but is equipped with TWCs

for solving data contentions in the wavelength domain. We consider one TWC

per port with full conversion capacity, i.e. each TWC is able to convert the signal

over the entire range of wavelengths. We define the packet (burst) loss rate as

the ratio between the number of dropped packets (bursts) and the total number

of packets (bursts) that arrive at the HOS core switch. Similarly, the circuit

establishment failure probability is defined as the ratio between the number of

negative-acknowledged and the total number of circuit establishment requests

that arrive at the HOS core switch.

The delay is defined as the time between a data packet is generated by the

source server and when it is received by the destination server. We assume that
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the IR traffic is forwarded by the ToR switches with negligible delay, and thus we

analyze only the delay of the traffic between different racks, i.e. the traffic that

is handled by the HOS edge and core nodes. The delay is given by the sum of the

propagation delay and the queuing delay, i.e. D = Dp + Dq. The propagation

delayDp depends only on the physical distance between the servers. The physical

distance between servers in a data center is usually limited to a few hundreds of

meters, leading to negligible values for Dp. We then decided to exclude Dp from

our analysis and consider D = Dq. The queuing delay includes the queuing time

at the ToR switch and the delays introduced by the traffic assembler and resource

allocator in the HOS edge switch (Dq = DToR +Das +Dra). The HOS optical

core switch does not employ buffers and thus does not introduce any queuing

delay. We refer to the packet delay as to the average delay of data packets that

are transmitted through the HOS core node using packet switching. Similarly,

we define the short (long) burst delay as the average delay of data packets that

are transmitted through the HOS core node using short (long) burst switching.

Finally, the circuit delay is the average delay of data packets that are transmitted

through the HOS core node using circuit switching.

As regards the scalability, we analyze our HOS network for different sizes

of the data center. In general, data centers can be categorized in three classes:

university campus data centers, private enterprise data centers, and cloud com-

puting data centers. While university campus and private enterprise data centers

have usually up to a few thousands of servers, cloud computing data centers, op-

erated by large service providers, are equipped with up to tens or even hundreds

thousand of servers. In this paper we concentrate on large cloud computing data

centers. As a consequence, we vary the data center size from a minimum of 25K

servers up to a maximum of 200K servers.

As regards the energy consumption, we compute the total power consumed

by the HOS and the optical ptp networks using the analytical model described

in previous Section. To highlight the improvements introduced by our HOS

approach, we compare the two architectures in terms of energy efficiency and

total GHG emissions. The energy efficiency is expressed in Joule of energy

consumed per bit of successfully transmitted data. The GHG emissions are

expressed in metric kilotons (kt) of carbon dioxide equivalent (CO2e) generated

by the data center networks per year. To compute the GHG emissions, we apply

the conversion factor of 0.356KgCo2e emitted per KWh, which was found in [77].
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Figure 3.4: Average data loss rates in the HOS network as a function of the
input load. Two different traffic distributions, i.e. lognormal and weibull, are
considered.

3.1.4 Numerical Results

In this Section we show and discuss the results of the performed study. Firstly,

we present the data loss rates, secondly, we report the network delays, and,

finally, we analyze the energy consumption.

3.1.4.1 Loss Rates

In this Section we show and discuss the average data loss rates in the HOS

network.

In Figure 3.4 we show the average data loss rates in the HOS network as a

function of the input load. Two different distributions for the inter-arrival time

of the traffic generated by the servers are considered, i.e. lognormal and weibull.

We set NT = W = 64 and N = 32 and considering that the number of severs

per rack NS is fixed to 48, the total number of servers in the data center is
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98,304. The IR is set to 40%. Figure 3.4 shows that the data loss rates with

the lognormal and weibull distributions present the same trend and very similar

values. In the case of the weibull distribution the loss rates are slightly lower at

low and medium loads, but they increase more rapidly with increasing the load.

At high loads the loss rates obtained with the weibull distribution are similar or

slightly higher than the loss rates obtained with the lognormal distribution. This

effect is particularly evident for the packet loss probability, where the loss rates

obtained with the two distributions are more different. Figure 3.4 also shows

that the packet loss rates are always higher than the burst loss rates. This is

due to the fact that for packets there is no resource reservation in advance. Due

to shorter offset-times, the short bursts show higher loss rates with respect to

long bursts, especially for low and moderate loads. Finally, we observe that the

circuit establishment failure probability is always null. We conclude that data

center applications having stringent requirements in terms of data losses can be

mapped on TDM-circuits or long bursts, while applications that are less sensitive

to losses can be mapped on optical packets or short bursts.

In Figure 3.5 the average data loss rates as a function of the IR are shown

for two different values of the input load, namely 65% and 80%. The IR has

been varied from 20% to 60%, while the number of servers in the data center

has been set to 98,304. The input traffic distribution is lognormal. The Figure

shows that the higher is the IR and the lower are the data loss rates. This is due

to the fact that a higher IR leads to a lower amount of traffic passing through

the core switch, thus leading to a lower probability of data contentions. While

increasing IR from 20% to 60% the packet and short burst loss rates decrease

respectively by two and three orders of magnitude. It can also be observed that

the difference between the loss rates at 65% and 80% of input load becomes more

evident at higher IRs. The circuit established failure probability is always null.

Finally, in Figure 3.6 we show the data loss rates as a function of the number

of servers in the data center. Again, two values for the input load, namely 65%

and 80%, are considered. The IR is set to 40% and the input traffic distribution

is lognormal. When changing the size of the data center, we changed both the

number of ToR switches per HOS edge node (NT ) and the number of HOS edge

nodes (N). We always consider NT = W , in order to have symmetric HOS

edge nodes. As a consequence, the higher is NT and the higher is the number

of wavelengths in the WDM links. The number of servers per rack is fixed to
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Figure 3.5: Average data loss rates in the HOS network as a function of the IR
at 65% and 80% of offered load.

NS = 48. The smallest configuration was obtained by setting N = 22 and

NT = 24, achieving a total number of 25,344 servers in the data center. The

largest configuration was obtained by setting N = 50 and NT = 84 achieving a

total number of 201,600 servers. Figure 3.6 shows that the higher is the size of

the data center network and the lower are the loss rates introduced by the HOS

core node. This is due to the fact that in our analysis a higher data center size

corresponds to a higher number of wavelengths per WDM link. Since the HOS

core node relies on TWCs to solve data contentions, the higher is the number

of wavelengths per fiber and the higher is the probability to find an available

output resource for the incoming data. This is a unique and very important

feature of our HOS data center network, that results in high scalability. In fact,

increasing the number of wavelengths per fiber (NT = W ) we can scale the size

of the data center while achieving an improvement in the network performance.

Figure 3.6 shows that the loss rates, especially the loss rates of the long bursts,

decrease by more than one order of magnitude while increasing the number of
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Figure 3.6: Average data loss rates in the HOS network as a function of the
number of servers in the data center. Two different values for the input load,
namely 65% and 80%, are considered.

servers from 25K to 200K.

3.1.4.2 Delays

In this Section we address the network latency. Since there are differences of

several orders of magnitude between the delays of the various traffic types, we

plotted the curves using a logarithmic scale.

In Figure 3.7 the average delays as a function of the input load are shown

for two different distributions of the inter-arrival times of packets generated by

the servers. The IR is set to 40% and the number of servers in the data center

is 98,304. The Figure shows that the delays obtained with the lognormal and

weibull distributions show the same trends. The largest difference is observed

for the delays of packets at high input loads, with the delays obtained with the

weibull distribution being slightly higher. Figure 3.7 also shows that circuits

introduce the lowest delay. To explain this result let us recall the definition of
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Figure 3.7: Average delays in the HOS network as a function of the input load
and for two different input traffic distributions, namely lognormal and weibull.

end-to-end delay D = DToR +Das+Dra. For circuits the assembly delay Das is

related to the circuit setup delay. Since in our network the circuit setup delay is

several orders of magnitude lower than the circuit duration, its effect on the end-

to-end delay is negligible. Furthermore, circuits are scheduled with the highest

priority by the resource allocator resulting in negligible Dra. As a consequence,

the circuit delay is determined mainly by the delay at the ToR switches DToR.

As can be seen from Figure 3.7, circuits ensure an average delay below 1.5 µs

even for network loads as high as 90% and thus are suitable for data center

applications with strict delay requirements. Packets also do not suffer from any

assembly delay, i.e. Das = 0, but they are scheduled with low priority in the

resource allocator resulting in non negligible values for Dra. However, it can

be observed that the packet delay remains below 1 µs up to 65% of input load.

For loads higher that 65% the packet delays grow exponentially, but they remain

bounded to a few tens of µs even for loads as high as 90%. We can then conclude

that packets are suitable for the majority of todays delay-sensitive data center

applications.
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Short and long bursts are characterized by very high traffic assembler delays

Das, which are given by the sum of the time required for the burst assembly

and the offset-time. The traffic assembler delay is orders of magnitude higher

than DToR and Dra and thus the end-to-end delay can be approximated with

Das. In order to reduce the bursts keep delays bounded we acted on the timers

and the length thresholds of the burst assemblers. We optimized the short

and long burst assemblers and strongly reduced the bursts delays. Still, short

and long bursts delays are respectively one and two order of magnitude higher

than packets delays, making bursts suitable only for delay-insensitive data center

applications. Figure 3.7 shows that short bursts present an almost constant delay

attested around 500 µs. Instead, the long burst delay decreases while increasing

the input load. This is due to the fact that the higher is the rate of the traffic

arriving at the HOS edge node and the shorter is the time required for reaching

the long burst threshold Lmin and starting the process for generating of the

burst. The minimum long burst delay, which is obtained for very high input

loads, is around 2 ms. This delay is quite high for the majority of current data

center applications and raises the question if it is advisable or not to use long

bursts in future data center interconnects. On the one hand long bursts have the

advantage of introducing low loss rates, especially at low and moderate loads,

and reducing the total power consumption, since they are forwarded using slow

and low power consuming switching elements. On the other hand, it may happen

that a data center provider does not have any suitable application to map on

long bursts due to their high latency. If this is the case, the provider could simply

switch off the long burst mode and run the data center using only packets, short

bursts and circuits. This highlights the flexibility of our HOS approach, i.e. the

capability of the HOS network to adapt to the actual traffic characteristics.

In Figure 3.8 we show the average delays in the HOS network as a function

of the IR. We consider two values for the input load, namely 65% and 80%. The

input traffic distribution is lognormal and the number of servers is set to 98,304.

The Figure shows that the circuits and packets delay decrease while increasing

the the IR traffic. This is due to the fact that the higher is IR and the lower is

the traffic that crosses the ToR switches and the HOS edge nodes in the direction

toward the HOS core node. This leads in turn to lower DToR and lower Dra.

In particular, when IR is as high as 60% the Dra for packets becomes almost

negligible and the packets delays become almost equal to the circuits delays. As

for the long bursts, the higher is IR and the higher are the delays. In fact, a
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Figure 3.8: Average delays in the HOS network as a function of the IR at 65%
and 80% of offered load.

higher IR leads to a lower arrival rate at the HOS edge nodes and, consequently,

to a longer assembly delay Das. Finally, the short burst delay is almost constant

with respect to IR.

In Figure 3.9 we show the average delays as a function of the number of

servers in the data center. We assume lognormal traffic distribution and IR

equal to 40%. We consider input loads of 65% and 80%. The Figure shows

that increasing the size of the HOS data center leads to a slight decrease of

the end-to-end delays. To explain this fact it is worth remembering that when

increasing the number of servers we also increase the number of wavelengths per

fiber W = NT in the WDM links. The higher is NT and the lower is the time

required by the resource allocator to find an available output resource where to

schedule the incoming data, i.e. the higher is NT and the lower is Dra. This fact

again underlines the scalability of the proposed HOS solution.
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Figure 3.9: Average delays in the HOS network as a function of the number of
servers in the data center. Two different values for the input load, namely 65%
and 80%, are considered.

3.1.4.3 Energy Consumption

In this Section we present and compare the energy efficiency and GHG emissions

of the HOS and the optical ptp data center networks.

In Figure 3.10 the energy consumption per bit of successfully delivered data

is shown as a function of the input load. In the case of the HOS network we

consider three different values for IR, namely 20%, 40% and 60%. The energy

consumption of the optical ptp network is independent with respect to the IR.

The number of servers in the data center is set to 98,304. Firstly, we consider

the overall energy consumption of the data center network and thus we include

in our analysis the power consumption of the ToR switches. The electronic ToR

switches are the major contributor to energy consumption especially for the

HOS network where they consume more than 80% of the total. In the optical

ptp network ToR switches are responsible for around 50% of the total energy

consumption. Figure 3.10 shows that the proposed HOS network provides energy
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savings in the range between 31.5% and 32.5%. The energy savings are due to

the optical switching fabric of the HOS core node that consumes considerably

less energy with respect to the electronic switching fabric of the electronic core

switch. Furthermore, the HOS optical core node is able to adapt its power

consumption to the current network usage by switching off temporarily unused

ports. This leads to additional energy savings especially at low and moderate

loads when many ports of the switch are not used. However, the improvement

in energy efficiency provided by HOS is limited by the high power consumption

of the electronic ToR switches. In order to evaluate the relative improvement in

energy efficiency provided by the use of HOS edge and core switches instead of

traditional aggregate and core switches, we show in Figure 3.10 also the energy

efficiency obtained without the energy consumption of the ToR switches. It can

be seen that the relative gain offered by HOS is between 75% and 76%. The

electronic ToR switches limit then by more than two times the potential of HOS

in reducing the data center power consumption, raising the issue for a more

energy efficient ToR switch design. Finally, Figure 3.10 shows that the energy

efficiency of the HOS network depends only marginally on the IR traffic ratio.

While increasing the IR ratio the energy consumption decreases because a higher

IR ratio leads to a lower amount of traffic crossing the HOS core node. Due to

the possibility of switching off unused ports, the lower is the amount of traffic

crossing the HOS core node and the lower is its energy consumption.

Figure 3.11 shows the GHG emissions per year of the HOS and the optical

ptp networks versus the number of servers in the data center. The IR is set

to 40% and the input load is set to 65%. Again we show both the cases with

and without the ToR switches. The Figure illustrates that the GHG emissions

increase linearly with the number of servers in the data center. In both the cases

with and without the ToR switches the GHG emissions of the HOS architecture

are significantly lower than the GHG emissions of the optical ptp architecture. In

addition, the slopes of the GHG emission curves of the HOS network are lower.

In fact, while increasing the number of servers from 25K to 200K the reduction

in GHG emissions offered by the HOS network increases from 30% to 32.5%

when the power consumption of the ToR switches is included and from 71% to

77% when the power consumption of the ToR switches is not included. This

is due to the fact that the power consumption of all the electronic equipment

depends linearly on the size, while the power consumption of the optical slow

switch does not increase significantly with the dimension. As a consequence,
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Figure 3.10: Energy consumption per bit of successfully transmitted data for
the HOS and optical ptp networks. Both the cases with and without the ToR
switches are shown.

the power consumption of the HOS core node increases slower than the power

consumption of the electronic core switch. This leads to a higher scalability

of the HOS network with respect to the optical ptp network. Figure 3.11 also

shows that when including the energy consumption of the ToR switches the gain

offered by the HOS architecture is strongly reduced, highlighting again the need

for a more efficient ToR switch design.

3.1.5 Conclusions

With the expected increase in the data center traffic current data center net-

works based on electronic switching and ptp interconnects will raise issues in

terms of flexibility, scalability, performance and energy consumption. As a con-

sequence, several solutions based on optical switched interconnects, which make

use of optical switches and WDM technology, have been recently proposed. How-

ever, the solutions proposed so far do not take into consideration the flexibility
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needed to support future data centers applications in an efficient manner. Fur-

thermore, only a few studies address scalability and energy consumption and

make comparison with current ptp solutions.

In this Section, we proposed a novel optical switched interconnect network

for data centers based on hybrid optical switching (HOS). HOS integrates op-

tical circuit, burst and packet switching within the same network. Different

data center applications are mapped to the optical transport mechanism that

best suits to their traffic characteristics, ensuring high flexibility and efficient

resource utilization. Furthermore, the proposed HOS network envisages the use

of two parallel core optical switches, of which one is a slow and low power con-

suming switch for the transmission of circuits and long bursts while the other

is a fast switch for the transmission of packets and short bursts. The use of

two parallel optical switches enables switching off or putting in low power mode

temporarily unused ports, thus providing high transmission efficiency and re-

duced power consumption. We presented both the architecture of a traditional

data center network based on electronic switches and optical ptp interconnects
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and the architecture of the proposed HOS network. We described an analytical

model for the power consumption evaluation and we presented the simulation

approach for evaluating the performance of the HOS network.

The proposed HOS network was evaluated in terms of average loss rates,

average delays and energy consumption. The scalability of the HOS network

was proved by changing the number of servers in the data center from 25K

to 200K. Different values for the intra-rack traffic ratio (IR) were considered.

The obtained results prove that the HOS network achieves relatively low loss

rates that are suitable for today’s data center applications. Circuits introduce

negligible losses and are suited for premiere applications, while packets introduce

the highest loss probability and are suited for best-effort traffic. As regards the

delays, circuits and packets obtain the best performance and are suitable for

delay-sensitive applications. On the contrary, bursts introduce relatively high

delays and can be used for applications without stringent requirements in terms

of latency. Finally, the results show that HOS is able to considerably increase

the energy efficiency and reduce GHG emissions with respect to a conventional

optical ptp architecture.

A main drawback is the capability of the proposed HOS interconnect to scale

efficiently with the expected increase in server capacity. In fact, the proposed

architecture has been studied for representing a short/mid term solution for

operator, that want to save energy with limited investments and relatively small

changes in their current data center infrastructure. In the long term, when the

peak capacity per server will be much higher than today, more energy-efficient

solutions will probably need to be defined. In the next Section we propose a novel

architecture that will be able to satisfy the long term data centers requirements.
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3.2 Elastic Optical Data Center

Driven by the rapid development of new cloud applications, network operators

are continuously increasing the number and performance of their servers. As a

consequence, data center traffic is expected to experience a tremendous increase

in the next years. Furthermore, the server capacity is rapidly growing. While

the majority of the severs operating today are based on 1 Gb/s network cards,

the majority of last generation servers are equipped with 10 Gb/s ports and in

the near future 40 Gb/s and 100 Gb/s ports are expected to become popular.

This poses a significant challenge to the networking of the data center and

creates the need for highly efficient interconnection systems. In current data

centers, servers are grouped in racks and are interconnected using electronic

switches, typically organized in a fat-tree three-tiers topology. These architec-

tures are not able to scale to meet the expected growth in data center traffic

mainly because of their complexity, large number of required cables and high

energy consumption. For this reason, in Section 3.1 we proposed a novel energy

efficient optical switched interconnect architecture. However, the proposed ar-

chitecture still rely on electronic top-of-rack (ToR) switches for interconnecting

the servers within the same rack and for aggregating the traffic toward the aggre-

gation/core tiers. Electronic ToR switches consume the largest amount of power

in a current data center network and consequently limit the reduction in en-

ergy consumption that can be achieved by employing the HOS optical switched

interconnect.

In this Section, we propose an all-optical data center network where the elec-

tronic ToR switches are replaced by an optical broadcast-and-select interconnect.

This solution guarantees low energy consumption and, at the same time, pro-

vides high flexibility, facilitating the transmission of multicast traffic. The elastic

optical network (EON) concept is employed for achieving high bandwidth uti-

lization while meeting the demand for higher servers capacities. In Section 3.2.1

the design of the elastic optical data center will be illustrated. In Section 3.2.2

we introduce the power consumption model for its performance evaluation. Fi-

nally, in Section 3.2.3 we present some selected results and in Section we draw

conclusions 3.2.4.
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Figure 3.12: Optical interconnect at the ToR.

3.2.1 Elastic Optical Interconnect

In the following, we will refer to the proposed interconnect as elastic optical

data center network (EODCN). In this Section, the data and control planes of

the EODCN are presented. The data plane is composed of two tiers, where the

first is given by the optical interconnects at the ToR and the second is given

by the elastic optical core switch. The optical interconnects at ToR is shown

in Figure 3.12. Here, optical network interfaces (ONIs) that are dedicated to

different servers in the same rack, are connected to N input ports of an N × 2

coupler, where N represents the number of servers in one rack. By passing

through a flexgrid wavelength selective switch (WSS), which supports elastic

channel spacing the signals of the channels assigned for intra-rack communica-

tions (e.g. Cm+1, Cm+2... shown in Figure 3.12) are sent back to the coupler

and broadcasted to all the connected ONIs in the rack. In this way the multi-

cast capabilities offered by the broadcast-and-select nature of the coupler. The

channels assigned for inter-rack communications as well as the traffic directed to

Internet (e.g. C1, C2,...,Cm) shown in Figure 3.12) is sent to (or received from)

the core switch. The flexgrid WSS considered here could easily support flexible

resource allocation for the traffic within the rack and the one from/to the out-

side of the rack. The ONIs are composed of three building blocks: the data and

control queue management, the small form-factor pluggable transceiver (SFP),

and the bandwidth variable transceiver (BVT). The SFP is used for transmit-

ting/receiving the control information. The BVT transmits and receives data

and provides wavelength tunability and flexibility of varying the number of the

occupied spectral slots. Thus, the capacity of a link can be changed from 1 Gbps
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Figure 3.13: Elastic optical core switch.

to 100 Gbps upon request on a per-server level.

Figure 3.13 shows the proposed structure of the elastic optical core switch.

The input ports of this core switch are directly connect to the output ports of

the optical interconnects at ToR. In Figure 3.13, the elastic channels from each

rack are first de-multiplexed by the flexgrid WSS and then pass a single-sided

switch in order to be routed to the corresponding destinations (either another

rack in the data center or an interface to Internet). Here, single-sided means

each port of a switch can be connected to one of any other ports if available.

Thus, it could significantly simplify the configuration (i.e. no need to distinguish

the ports as input and output) compared to the conventional dual-sided optical

switch, where each input port could only connect to the ports at the output side.

Currently, single-sided switches are usually fabricated using the beam steering

technology [78], where the maximum achieved number of switch ports so far is

192, while a 500-port matrix is under development. Larger single-sided switches

can be realized by combining several stages of smaller switch matrices as shown

in Figure 3.13, which depicts a large 2-stage switch. In this configuration, the

switches in the first stage are hk dual-sided switches, while the second stage

comprises single-sided switches with g ports. The total number of ports for this

configuration is hg. In order to achieve strictly non-blocking feature, it should
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Figure 3.14: Control plane architecture of the elastic optical interconnect for
data center.

be ensured that k ≥ 3h−1. Here, h out of k output ports should be connected in

pairs to provide internal interconnections within the switch, while the remaining

h - k output ports are connected to the switches in the second stage, which

are used to establish paths between the switches in the first stage. Note that

all paths through the switch are bidirectional. It should also be noted that all

switches used to implement the large optical core switch can be of the same

size and type. The only limitation on the maximum size of the optical core

switch is the degradation of signals passing several stages due to insertion loss

and cross-talk.

The control plane architecture is shown in Figure 3.14. It consists of several

rack controllers (RCs) and one core switch controller (CSC). Each RC is con-

nected to N servers inside a rack and is responsible for assigning the time slots

and the EON spectral slices to manage the intra-rack communications. SFPs are

employed to transmit the signals between the RC and the servers, and between

the RCs and the CSC. The CSC manages the spectrum resources inside the core

switch and routes the traffic between different racks and to/from the Internet.

The CSC is composed of: (i) search engines, using ternary content address-

able memory (TCAM) for table lookup and path computation, (ii) inter-rack

resource scheduler, using field programmable gate arrays (FPGAs) for managing

EON spectral slices inside the core switch, and (iii) the switch control unit, for

setting up the paths through the switch matrix.
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3.2.2 Power Consumption Model

To evaluate the power consumption of the proposed EODCN we consider 12.5

GHz as the smallest spectrum slice. Using a single spectral slice a server can

transmit data at either 1 or 10 Gb/s, according to the bandwidth requirement

of the applications. When requested by the application and given that the

network has enough available resources a server can be assigned 2 or 3 spectral

slices dynamically for transmitting data at 40 Gbps or 100 Gbps, respectively.

Therefore, in the proposed EODCN each server is always guaranteed to have

at least one slice to transmit at 10 Gbps and can reach the peak capacity of

100 Gbps if available. To compute the total power consumption of the proposed

EODCN (PEODCN ) we sum the power consumed at the ToR (PToR), the power

consumed by the elastic optical core switch (PEOC), and the power consumed

by the control plane (PCP ), as shown in the following formula:

PEODCN = PToR + PEOC + PCP (3.9)

The power that is consumed by the broadcast-and-select matrices at the ToR

is obtained through the following equation:

PToR = Nserver · (PQM + PBV T + PSFP ) +Nrack · PWSS (3.10)

where Nserver and Nrack are the total number of servers and the total number

of racks in the data center, respectively. On the other side, PQM , PSFP , PBV T

and PWSS are the power consumption of the queue management block, SFP,

BVT and WSS, respectively.

The power consumption of the core switch is calculated according to the

following equation:

PEOC = Nswitch · Pswitch (3.11)

whereNswitchand Pswitch are respectively the number and power consumption

of the switching matrices inside the elastic optical core switch. We assume that

the switch matrices are equipped with 192 ports (where 3h − 1 ≤ 192) and

are based on the beam steering technology. The number of switching matrices
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Table 3.2: Power consumption of the network equipment.
Components Power [W]

Data and control queue management (PQM ) 3

Small form-factor pluggable transceiver (PSFP ) 1

Bandwidth Variable Transceiver (PBV T ) 8

Flexgrid Wavelength Selective Switch (PWSS) 15

Beam steering technology switch (192 ports) (Pswitch) 40

Intra-rack scheduler (FPGA) (PschI) 40

Search Engine(TCAM) (PSE) 4.5

Inter-rack scheduler (FPGA) (PschO) 40

Switch control unit (PSC) 300

depends on the number of required stages and is obtained through the following

formula:

Nswitch =



















1 if 1-stage

L
h + 2h− 1 if 2-stage

L
h + 2h− 1 · (Lh + 2h− 1) if 3-stage

(3.12)

The required number of stages is calculated according to the number of

servers in the data center and the number of connections toward the Internet. In

our calculations we vary the number of servers, while always assuming that 24%

of the ports of the core switch are reserved to connect to the Internet, basing on

the data reported in [4].

Finally, the power consumption of the control plane is given by the following

formula:

PCP = (Nserver +2 ·Nrack) ·PSFP +Nrack · (PschI +PSE +PschO)+PSC (3.13)

where PschI , PSE , PschO and PSC are the power consumption of the intra-

rack scheduler, search engine, inter-rack scheduler and switch control unit, re-

spectively. To compute the total power consumption of the proposed EODCN

we take into account the maximum values of commercially available network

devices that are found in datasheets from different vendors (see Table 3.2).
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Figure 3.15: Energy consumption per bit of EODCN, HOSDCN and EDCN.

3.2.3 Numerical Results

In this section we evaluate the power consumption of the proposed EODCN

and compare the results with a traditional electronic DC network (EDCN) and

a hybrid optical DC network (HOSDCN) proposed in Section 3.1, which uses

optical circuit and packet switching in core tier but still relies on electronic

switches at the ToR. The EDCN and the HOSDCN guarantee a capacity of 1

Gb/s per server and their energy consumption model as well as the corresponding

data for calculation are referred to Section 3.1.

Figure 3.15 shows the energy consumption per bit of the three considered

DC interconnect architectures as a function of the number of severs within the

DC. While the energy consumption per bit in EDCN and HOSDCN is almost

independent on the number of servers, the EODCN shows a maximum when the

number of servers is 10,000. This is due to the fact that taking into account the

maximum size (i.e., 192 ports) of optical switch matrix based on the current beam

steering technology, a 3-stage core switch structure is needed (replacing a 2-stage

switch of Figure 3.12)) starting from 10,000 servers. In the beginning 3-stage
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Figure 3.16: Total power consumption of EODCN, HOSDCN and EDCN.

structure is not efficiently utilized because of a low sharing factor. Increasing

the number of servers leads to a higher amount of traffic crossing the core switch

and hence the EODCN could achieve higher energy efficiency. We observe that

if we consider the minimum guaranteed capacity per server, i.e., 10 Gb/s, the

EODCN reduces the energy consumption by at least 4 nJ/bit compared with

the HOSDCN and by at least 16 nJ/bit compared with the EDCN. On the other

hand, if fully utilizing the maximum capacity, i.e. 100 Gb/s, the reduction of

energy consumption per bit is obviously much higher.

Figure 3.16 shows the total power consumption for different values of the

peak capacity per server with a fixed total number of servers (i.e., 96,000) in the

data center. We scale the EDCN and HOSDCN by increasing the data rate at

the servers to offer high peak capacity while dimensioning the switching capacity

in the core tier according to the guaranteed bandwidth per server (where two

cases, namely 1 Gb/s and 10 Gb/s, are considered). Figure 3.16 shows that to

provide a peak capacity of 100 Gb/s per server the EODCN requires less than

1/2 the power of the HOSDCN and around 1/6 the power of the EDCN. It can

be seen clearly that the EODCN is more beneficial when the guaranteed capacity

required by the servers is higher.
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3.2.4 Conclusions

In this Section we propose a novel data center network architecture that em-

ploys optical broadcast-and-select interconnects at the ToR and elastic optical

core switch. The optical broadcast-and-select architecture at the ToR could

significantly reduce the energy consumption compared to the conventional com-

modity switches, which currently takes the largest part of energy consumption

in DC networks. Furthermore, the elastic optical core switch offers high flexi-

bility and resource utilization using currently available optical components for

telecommunication applications. The results have confirmed that the proposed

overall architecture for data center networks consumes much less energy than the

existing ones relying on electronic switches at the ToR, in particular for the case

with high peak or guaranteed capacity per server, e.g., 10 Gb/s and beyond. We

conclude that our solution is able to meet future data center requirements, with

respect to the number of servers and bandwidth capacity, in a sustainable and

effective manner. Furthermore, it should be noted that in this paper we present

conservative results, which are obtained for the maximum energy consumption

regardless of the traffic load. A proper strategy of dynamic power management

could definitely further reduce the energy consumption. In our future work we

plan to devise efficient and flexible resource allocation schemes tailored for the

EODCN.
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3.3 Carrier Cloud Network

Carrier cloud is a novel network model where data centers and core network

are operated by the same entity, which then sell services to different operators

through network virtualization techniques. Many companies are today consider-

ing to move to this network model [42]. Carrier cloud responds to the weaknesses

of existing cloud solutions, including performance, availability, security and ser-

vice level agreements [79]. A first attempt of an integrated control plane for

intra-data-center and core networks for carrier cloud has been very recently pro-

posed in [80]. This control plane is based on the Software Defined Network

(SDN) concept. However, this work only shows preliminary results and much

more needs to be done in order to define an efficient control and data plane for

carrier cloud.

There are many efforts to improve energy efficiency in communication net-

works, ranging from the component technology to the architectural and service

level approaches. In this Section, we address network energy efficiency at both

the architectural and service levels and propose a unified network architecture

that provides both intra-data-center and inter-data-center connectivity together

with interconnection toward legacy IP networks. The architecture is mainly

thought for future carrier cloud operators, which own both the intra-data-center

and inter-data-center networks. It is based on the HOS concept for achieving

high performance and energy efficiency and is referred to as integrated HOS

network. The main advantage of the integration of core and intra-data-center

networks comes from the possibility to avoid the energy inefficient electronic

interfaces between data centers and telecom network.

At the service level, recent studies demonstrated that the use of distributed

video cache servers can be beneficial in reducing energy consumption of intra-

data-center and core networks. However, these studies only take into consid-

eration conventional network solutions based on IP electronic switching, which

are characterized by relatively high energy consumption. When a more energy

efficient switching technology, such as HOS, is employed, the advantage of using

distributed video cache servers becomes less obvious. In this Section we eval-

uate the impact of video servers employed at the edge nodes of the integrated

HOS network to understand if a carrier cloud operator that rely on our network

solution could be motivated to make use of edge caching.
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To summarize, the contribution of this Section is twofold, i.e., (i) we propose

and evaluate an integrated intra-data-center and core network architecture based

on the HOS concept for application in carrier cloud along with a study of its

benefits, and (ii) we assess the impact of distributed video cache servers on the

proposed integrated HOS network architecture. The remainder of the Section is

organized as follows. In Section 3.3.1 we describe the proposed integrated core

and intra-data-center HOS network. Section 3.3.2 introduces the approach used

to model the video cache servers. In Section 3.3.3 the energy consumption model

is described. In Section 3.3.4 the the reference network used for the simulations

is presented. Section 3.3.5 presents the simulation results, while Section 3.3.6

contains some concluding remarks.

3.3.1 Integrated HOS Network Architecture

Figure 3.17 shows a high level representation of the proposed integrated core and

intra-data-center network based on HOS. The integrated network provides three

different types of interconnections using a unified all-optical infrastructure and

a common control plane. The first type of interconnection is between servers

inside the same data center, referred to as an intra-data-center interconnection.

In Figure 3.17 it is represented by a red dotted line to highlight the path over

which data are sent using the HOS paradigm. The second type of interconnection

is between servers located in different data centers. We refer to it as inter-data-

center interconnection and we use a blue dashed line in Figure 3.17 to indicate

the path performed in the HOS domain. The third type of interconnection is

between servers inside a data center and HOS edge nodes, i.e., it provides the

server-to-edge interconnections. An example is indicated in Figure 3.17 by a

green solid line for the HOS path.

It should be noted that for all the considered types of interconnections the

data remain in the optical domain, i.e., no O/E/O conversion takes place along

all the paths established using the HOS paradigm. This is possible because in

the proposed integrated network, core and data centers employ the same unified

control plane. A first attempt of an integrated control plane for intra-data-center

and core networks for carrier cloud has been recently proposed in [80]. Here, the

authors create a proof of concept for an integrated control plane based on the

SDN mechanism, but they don’t evaluate the network performance nor they

compare against a standard non-integrated solution. In this Section we propose
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Figure 3.17: Optical interconnect at the ToR.

a novel integrated control plane for intra-data-center and core networks based on

the HOS control model. It consists of two layers, the GMPLS control layer and

the HOS forwarding layer. The GMPLS control layer is in charge of configuring

and managing the network virtual topology. It consists of three building blocks:

routing, signaling, and link management. The HOS forwarding layer performs

data aggregation, data scheduling, and resource reservation. It supports three

different optical transport mechanisms, i.e., circuits, bursts, and packets. The

HOS forwarding layer has the unique feature of employing a common control

packet for managing all three switching paradigms, enabling circuits, bursts, and

packets to share dynamically the optical resources. The use of optical bursts in

combination with packets and circuits allows the dynamic implementation of

different service classes, leading to an efficient QoS differentiation.

3.3.1.1 HOS Core Network

The HOS core network provides connectivity among different data centers as

well as between data centers and legacy IP networks. As shown in Figure 1,

each node in the HOS core network includes a HOS core switch. If the node is

located at the edge of the HOS core network, it is equipped with an electronic

switch for inter-domain connectivity.

An electronic switch in the HOS edge node ensures interoperability between

the core network and the legacy IP networks. In the direction toward the HOS
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core network, the HOS edge node performs traffic classification and traffic aggre-

gation. In other words, each incoming IP packet is classified based on the value of

the differentiated service code point (DSCP) field in the IP header and mapped

over the best suited optical transport mechanism. In the direction toward the

legacy IP networks the HOS edge node extracts IP packets and performs IP

routing. The HOS edge node is divided in two logical building blocks, one which

consists of an electronic switch to perform IP routing and the second one which

includes all the electronic components required to: (i) perform traffic aggrega-

tion and classification in the direction toward the HOS core network, and (ii)

to perform IP packet extraction in the direction toward the legacy IP networks.

For simplicity, we will refer to this block as the traffic aggregation block.

High capacity optical switches provide connectivity inside the core network.

A HOS core switch can be logically divided in two building blocks, i.e., the elec-

tronic control logic and the optical switching fabric. The electronic control logic

consists of three electronic blocks for implementing the GMPLS control layer,

the HOS forwarding layer, and the switch control unit. The optical switching

fabric is composed of two large optical switches. A fast optical switch, based on

semiconductor optical amplifiers (SOA), takes care of the transmission of pack-

ets and short bursts. A slow optical switch, based on micro electro-mechanical

systems (MEMS), handles the transmission of circuits and long bursts. In the

optical switching fabric block we also include the following active optical com-

ponents: optical amplifiers (OA), tunable wavelength converters (TWC), and

control information extraction/re-insertion blocks (CIE/R), in order to compen-

sate for signal losses in components, reduce blocking probability, and encode the

control information together with the data payload on the same optical carrier,

respectively.

For a detailed description of the HOS core network we refer to Chapter 2.

3.3.1.2 HOS Intra-Data-Center Network

The HOS intra-data-center network provides connectivity among the servers

inside a data center and connects the data centers to the HOS core network. It

is organized in a 3-tiers fat-tree topology. The first tier consists of electronic

top-of-rack (ToR) switches. In a conventional high-end data center, servers are

organized in racks, with each rack hosting typically 48 blade servers. The ToR
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switches interconnect the servers inside a rack and connect the racks to the

second tier of the intra-data-center network, which is composed of the HOS

aggregation nodes. The HOS aggregation nodes perform the same functions

inside a data center as HOS edge nodes in the HOS core network. In particular,

in the direction toward the network core, the HOS aggregation nodes perform

traffic classification and traffic aggregation, while in the direction toward the data

center servers, the HOS aggregation nodes extract the IP packets and perform

IP routing. The HOS aggregation nodes consist of the same logical building

blocks as the HOS edge nodes. The main difference between HOS edge and the

HOS aggregation nodes is that the HOS edge nodes could also include the video

cache servers, which will be further elaborated in Section 3.3.2. The third tier

of the intra-data-center network is represented by a single large HOS core node.

This node has exactly the same architecture as the HOS core switch used in the

core network. For more details we refer to Section 3.1.

3.3.2 Edge Caching

To evaluate the impact of distributed video cache servers on the proposed inte-

grated intra-data-center and core HOS network, we extended the HOS edge node

architecture described in Section II in order to include the video cache servers.

The extended architecture of HOS edge nodes with cache servers is shown for the

first time in Figure 3.18. It can be logically divided in three building blocks. Two

of them have already been mentioned in Section 3.3.1, i.e., the electronic switch

block and the traffic aggregation block. The former one includes the switch,

the GMPLS module and the input electronic line cards while the latter block

comprises the classifier, the conditioner, the assembler, the resource allocator,

and the packet extractor. The last block is related to the caching operations and

consists of the content tracker, the ToR switch, and the video cache servers. The

content tracker is a novel network element which interacts with the HOS control

plane in order to keep track of all the video content inside the cache servers,

process the incoming video requests and update the cache servers.

The impact of distributed cache servers on the network energy efficiency

has already been addressed in previous studies [81–86], mainly focused on elec-

tronic switched networks. The rationale behind these works is that distributed

cache servers reduce the traffic load leading to the lower number of electronic
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Figure 3.18: Optical interconnect at the ToR.

switch ports used in the core and intra-data-center networks. However, the elec-

tronic switching devices commercially available today do not implement dynamic

switching-off of the ports and thus their energy consumption is almost indepen-

dent on the traffic load. Techniques for dynamically switching-off the line-cards

(LCs) have been proposed in [87], but their efficiency in real network scenarios

has still to be proven. In fact, scheduling the switching-off the LCs in a packet

switching network is a very challenging task because of the stochastic nature of

the traffic and usually the inter-arrival time between two successive packets is

very small. The novelty of our approach consists in applying the caching concept

to HOS network, where we assume that all the optical components (in the optical

switching fabric of the HOS core nodes) are turned off when they are inactive.

This is not as challenging as turning off electronic switch ports. In fact, with

two parallel optical switches, only one needs to be active to serve traffic from a

particular port at a specified time. In addition, in a HOS network circuits and

bursts are scheduled a priori, thus the incoming traffic is better predictable than

in a traditional packet switched network, i.e., where the traffic is processed on a

packet-by-packet basis.

3.3.3 Power Consumption Model

The total power consumption of the integrated core and intra-data-center HOS

network is given by the sum of the power consumed by each node in the core
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network (P i
Node) and the power consumed by data centers (P j

DC):

PNetwork =

NNode
∑

i=1

P i
Node +

NDC
∑

j=1

P
j
DC (3.14)

where NNode is the number of nodes in the core network and NDC is the

number of data centers. Each node in the HOS core network performs both edge

and core functions. The power consumption of the i-th node in the network is

determined by:

P i
Node = P i

Edge + P i
Core (3.15)

where P i
Edge is the power consumption of the i-th HOS edge part if any and

P i
Core is the power consumption of the i-th HOS core switch. The power con-

sumption of the i-th HOS edge part is given by the sum of the power consumption

of its building blocks:

P i
Edge = N

Edge,i
F ·NW · (PES + PA) + P i

Cache (3.16)

where N
Edge,i
F is the total number of fibers connected to the HOS edge node

i and NW is the number of wavelengths per fiber, which are assumed to be

the same for all nodes. In the formula, PES is the power consumption of the

electronic switch block per port and PA is the power consumption of the traffic

aggregation block per port. The number of ports of the switch is given by the

product of the number of wavelength channels per fiber and the number of fibers

(NEdge,i
F · NW ), i.e., it represents the total number of wavelength channels at a

HOS edge node. Finally, P i
Cache is the power consumption of the cache block.

The power consumption of the cache block of the i-th HOS edge node is obtained

through the following formula:

P i
Cache = PCT + PToR +N i

CS · PCS (3.17)

where PCT is the power consumption of the content tracker, PToR is the

power consumption of the ToR switch, and PCS is the power consumption of

a cache server. Finally, N i
CS represents the number of cache servers hosted in

the i-th HOS edge node. The cache servers are assumed to have a fixed storage
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capacity of 1 TByte. Also the power consumption of the i-th HOS core switch

is computed by summing up the power consumption of its building blocks, as

defined by Equation 3.18:

P i
Core = P i

ECL + P i
OSF (3.18)

where P i
ECL is the power consumption of the electronic control logic and

P i
OSF is the power consumption of the optical switching fabric of the i-th HOS

core switch. The power consumption of the control logic of the i-th HOS core

switch is given by Equation 3.19:

P i
ECL = N

Core,i
F ·NW · PGMPLS + PHOS + PSC (3.19)

where N
Core,i
F is the total number of fibers connected to the HOS core node

i. In Equation 3.19, PGMPLS is the power consumption of the GMPLS block

per port, PHOS is the power consumption of the HOS forwarding layer, and PSC

is the power consumption of the switch control unit. The power consumption of

the optical switching fabric of HOS core nodes depends on the traffic because we

assume that optical switch ports can be turned off when they are inactive. To

compute the power consumption of the optical switching fabric of the i-th HOS

core switch we use Equation 3.20:

P i
OSF = N

active,i
SOA · PSOA +N

active,i
MEMS · PMEMS+

N
active,i
TWC · PTWC +N

core,i
F · (NW · PCIE/R + 2 · PEDFA)

(3.20)

Here, Nactive,i
SOA , Nactive,i

MEMS and N
active,i
TWC represent the number of active SOA-

switch ports, MEMS-switch ports, and TWCs of the i-th HOS core node, re-

spectively. These values depend on the traffic load and are computed through

simulations. In Equation 7, PSOA, PMEMS , and PTWC are the power consump-

tion of the SOA-switch per port, the MEMS-switch per port and the TWC,

respectively. Finally, PCIE/R and PEDFA are the power consumption of the

CIE/R block and the OAs. When computing the power consumption of the

HOS intra-data-center networks we exclude from our analysis the power con-

sumed by servers and consider only the power consumed by the network equip-

ment, i.e., by the intra-data-center network. The power consumption of the j-th

intra-data-center network is computed using Equation 3.21:
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Table 3.3: Power consumption of the network components in the integrated
intra-data-centers and core network with edge caching.

Components Power [W]

Electronic switching block per port (PES) 320

Traffic aggregation block per port (PA) 159

Content tracker (PCT ) 330

Top-of-Rack switch (PToR) 650

Cache server (PCS) 450

GMPLS control layer per port (PGMPLS) 6.75

HOS forwarding layer (PHOS) 570

Switch control unit (PSC) 300

SOA switch per port (PSOA) 20

MEMS switch per port (PMEMS) 0.1

Tunable WC (PTWC) 1.69

Control information E./R. (PCIE/R) 17

Optical amplifiers (PEDFA) 14

P
j
DC = N

j
ToR · PToR +N

j
Aggr · PAgrr + P

j
Core (3.21)

where N
j
ToR and N

j
Aggr are the numbers of ToR switches and HOS aggre-

gation switches in the j-th data center, respectively. Here, PAggr represents

the power consumption of an HOS aggregation switch and P
j
Core represents the

power consumption of the HOS core switch inside the j-th data center. We

assume that each HOS aggregation switch is connected to the corresponding

HOS core switch in the data center using one fiber and that the number of ToR

switches connected to the corresponding aggregation node is equal to the number

of wavelength channels per fiber (NW ). To calculate the power consumption of

a HOS aggregation switch we use Equation 3.22:

PAggr = NW · (PES + PA) (3.22)

Finally, the power consumptions of the HOS core switch inside the j-th data

center is computed using Equation 3.18 and replacing the index i with the index j.

The energy consumptions of all the considered network components are reported

in Table 3.3 and have been obtained by collecting data from data sheets as well

as from research papers.
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3.3.4 Carrier Cloud Network Simulation Setup

In this Section, we describe assumptions used to model and evaluate performance

of the proposed integrated intra-data-center and core HOS network with edge

caching. First, we present the reference network scenario, and secondly, we

introduce the performance metrics.

3.3.4.1 Reference Network Scenario

To assess the performance of the proposed integrated intra-data-center and core

HOS network with edge caching, we developed a custom event-driven C++ sim-

ulator. In the following we report the main parameters that we used in our

simulations and present the model that is applied to generate the network traf-

fic.

We denote NNode as the number of nodes in the network and NDC as the

number of nodes connected to the data center. We consider the Pan-European

network [72] composed of 28 nodes (i.e., NNode = 28) and 41 links as the reference

network topology. We assume that 25% of the network nodes are connected to

a data center, i.e. NDC = 7. In each simulation we randomly connect the data

centers to different nodes of the network. We assume that all the data centers

have the same size and are equipped with 76,800 servers organized in racks. In

each rack, 48 servers are connected to a ToR switch using dedicated 1 Gbps links.

The number of ToR switches per data center is given by the ratio between the

number of servers and the number of racks, i.e., N j
ToR = NToR = 1600 ∀j ∈ NDC .

As many as 64 ToR switches are connected to a HOS aggregation switch using 40

Gbps links. We obtain that each data center is equipped with N
j
Aggr = NAggr =

25 ∀j ∈ NDC HOS aggregation nodes. Each HOS aggregation node is connected

to the HOS core node inside the data center using one fiber. The HOS core

switch inside a data center is equipped with 25 fiber ports, for interconnecting

all the HOS aggregation switches. In addition it employs 7 fiber ports, for the

interconnection toward the Pan-European network. Thus, it has in total 32

fiber ports. The number of fiber ports for the interconnection between a data

center and the Pan-European network has been chosen according to [4], where

it is reported that currently 76% of the traffic generated inside a data center is

directed to a server within the same data center (internal traffic). We assume

that each core node in the Pan-European network also provide edge functionality.
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As described before, each data center is connected to a network node of the Pan-

European network using 7 fibers. To assure that the network nodes have enough

capacity to support the connection toward a data center without becoming a

bottleneck, we assume that each link in the network is composed of 4 fibers. We

also assume that each HOS core node is connected to the corresponding HOS

edge node using a number of fibers that is equal to the node degree. As a result,

the number of fibers attached to the i-th HOS edge node (NEdge,i
F ) is equal to

the node degree. The number of fibers connected to the i-th HOS core node

(NCore,i
F ) is equal to five times the node degree (four times the node degree for

the interconnection toward other HOS core nodes and one time the node degree

for the interconnection toward the HOS edge node), plus 7 fibers in case that

the HOS core node is directly connected to a data center. Each fiber carries

64 wavelength channels (NW = 64), each of which is operated at 40 Gbps. As

for the edge caching, we assume that the network nodes that are not directly

connected to a data center are equipped with the same number of cache servers

(N i
CS = NCS ∀i ∈ NNode). The network nodes that connect data centers with

the HOS core network do not comprise any cache servers.

The cache size of a HOS edge node is defined as the sum of the storage

capacities, expressed in Bytes, of all the video servers hosted in the node. Fur-

thermore, we define the video content hit rate as the probability that a video

request arriving at a HOS edge node determines a cache hit and thus is served

using the local cache servers. The cache hit rate depends mainly on the cache

size. Several studies evaluate how the video content hit rate in real network

settings is related to the cache size [88, 89]. The results of these studies show

that high video hit rates can be achieved even with small cache sizes and that

the cache hit rate exhibits a logarithmic grow as a function of the cache size.

As a consequence, increasing the cache size over a certain value has a limited

impact on the video content hit rate. In particular, the authors in [89] study the

video content hit rate by varying the cache size at an edge node of a large core

European network and obtain a curve of the cache hit rate as a function of the

cache size. The cache hit rate estimation in our study is based on this curve, i.e.

given a cache size the cache hit rate is defined according to the log-like curve

presented in [89].

The IP traffic arriving at the HOS edge nodes from legacy IP networks is

modeled using Poisson distribution. We assumed that 57% of this traffic consists
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of requests for video content [3]. A request for video content can be either served

locally by the video cache servers in the HOS edge node if the required content

is available in the cache, or can be forwarded to the original server located

in one of the data centers. In our simulations we also take into account the

possibility that some of the traffic that arrives to a HOS edge node is destined

to another network node, i.e., not to the data center. We refer to this traffic

as cut-through traffic. Even if it is not directly related to our analysis, the cut-

through traffic is important because it has an impact on the data losses and

the delays as well as on the energy consumption. For the traffic generated by

the servers, we implemented a more complex traffic model. According to [73],

the inter-arrival rate distribution of the packets generated inside a data center

can be modeled using a lognormal distribution. We then model the servers as

finite-state machines with two states, namely lognormal state and video-transfer

state. In the lognormal state, the servers generate IP packets with a lognormal

distributed inter-arrival time. The IP packets generated by the servers in the

lognormal state can be addressed either to a server in the same data center, or to

a server in a different data center, or to a specific legacy IP network connected

to a HOS edge node. When a server receives a request for a video content

from an edge node, it switches to the video-transfer state. In the video-transfer

state the server transmits IP packets at a constant bit-rate to the requesting

HOS edge node. When all the video content has been transmitted, the server

automatically switches back to the state with the longnormal inter-arrival rate

distribution. The size of the video contents is uniformly distributed between 100

MByte and 500 MByte.

3.3.4.2 Performance Metrics

The performance of the proposed integrated intra-data-center and core network

architecture based on HOS is assessed in terms of energy consumption, average

delay, and average data loss. The energy consumption is measured in terms of

Joule per bit (J/b) and it is computed as the ratio between the total network

power consumption in Watts and the total network throughput in bit per second.

The delay is defined as the time difference between an IP packet is generated

(i.e., either by a server in a data center or a cache server in a HOS edge node

or a user of a network connected to edge HOS nodes) and the time the IP

packet is received (i.e., either by the destination server or the destination HOS
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edge node). The global average network delay is defined as the mean value of the

delays over all IP packets measured during a simulation run. The IP packets that

traverse the HOS network can be carried over different transport mechanisms.

We refer then to the packet delay as the delay experienced by IP packets that are

transmitted as optical packets through the HOS network. Similarly, the short

burst delay, long burst delay, and circuit delay are the delays experienced by

IP packets that are transmitted through the HOS network over a short burst, a

long burst, or a circuit, respectively.

While computing the data loss rates, we assume that all the electronic

switches introduce negligible losses. As a consequence, the losses in the core

and intra-data-center networks may happen only in the HOS core switches. We

define the packet loss rate as the ratio between the number of optical packets

that are lost along a path through the HOS network and the total number of

generated packets. Similarly, the short burst and the long burst loss rates are de-

fined as the ratio between the number of lost and the number of generated short

and long bursts, respectively. Circuits are established using a two-way reser-

vation mechanism and consequently the data transmitted over circuits do not

experience any losses. However, in heavily loaded networks a circuit establish-

ment request could be refused (i.e., blocked) by a core node. As a consequence,

we define the circuit establishment failure probability as the ratio between the

number of blocked and the number of generated circuit.

We evaluate the above mentioned performance for different values of the

network load. We define the load as the ratio between the total amount of traffic

offered to the network by external sources (servers and legacy IP networks) and

the maximum amount of traffic that can be handled by the network, i.e., the

network capacity.

3.3.5 Numerical Results

This Section presents a performance analysis of the proposed integrated intra-

data-center and core HOS network architecture with edge caching. First we

comment on the benefits that a carrier cloud operator can achieve in employing

the integrated HOS network when compared to a non-integrated HOS network

and a conventional IP network, where core switches in a data center and core

network are based on electronic switching. Then, we present and discuss the

impact of using distributed cache servers on an integrated HOS network.
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Figure 3.19: Energy consumption per bit as a function of the input load. Overall
for core and intra-data-center networks.

3.3.5.1 Integrated HOS Network

To understand the results shown in this Section, in the following we explain

in detail how the intra-data-center and core networks are interconnected in the

non-integrated HOS architecture. In the non-integrated HOS network the data

centers are equipped with additional HOS aggregation switches used for the inter-

connection toward the core network. Meanwhile, the core network is equipped

with additional HOS edge nodes dedicated to the interconnection toward the

data centers. Let us consider first the direction from the data center to the

core network. Optical data exiting from the HOS core switch inside the data

center are: firstly, de-assembled using the HOS aggregation switches, and then,

re-assembled in the HOS edge nodes and according to the policies used in the

core network. Similarly, in the direction from the core to the data center, optical

data are: firstly, de-assembled using the HOS edge nodes, and then, re-assembled

using HOS aggregation switches and according to the policies used in the data

center.
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Figure 3.20: Energy consumption per bit as a function of the input load. Core
and intra-data-center network shown separately.

In Figure 3.19 and 3.20, we compare the energy consumption per bit as a

function of the network load for the integrated HOS network, the non-integrated

HOS network, and a conventional IP network. The non-integrated HOS network

has the same architecture as the integrated one, with the only difference in the

use of electronic interfaces for the interconnection between the data centers and

the core network, i.e., in our case the Pan-European network. On the other hand,

the conventional IP network has a core and an intra-data-center network based

on electronic switching. In our simulations, we assumed that all the network

nodes which are not directly connected to a data center are equipped with NCS

= 10 cache servers, resulting in a total cache size of 10 TByte.

In Figure 3.19 we show the overall energy consumption per bit. The Figure

shows that both integrated and non-integrated HOS networks drastically reduce

the energy consumption of a conventional electronic IP network. The HOS

networks consume roughly a half the energy per bit compared to a conventional

IP network. This is due to the fact that the HOS networks employ an energy-

efficient optical switching technology that benefits from transmitting circuits and
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Figure 3.21: Average network delays as a function of the input load. Integrated
HOS network.

long bursts using a slow and low power consuming optical switch, while using

a less number of fast optical switches for the transmission of packets and short

bursts. Figure 3(a) also shows the improvement in energy efficiency offered by

the integrated HOS network with respect to the non-integrated HOS network.

This increment in energy efficiency may seem small, but it is worth noting that

at very high amount of network traffic, such as assumed here, even a reduction

of few nJ/b can result in significant overall energy savings. For instance, at a

network load of 35% the integrated HOS network consumes 4 nJ/b less than the

non-integrated HOS network. This translates into a total of almost 2 MegaWatt

(MW) saved.

In Figure 3.20 we show separately the energy consumption per bit in the core

network and the intra-data-center networks. The energy consumption per bit of

the core network is given as the ratio of the core network power consumption

and the core network throughput. In the non-integrated HOS network the power

consumption of the core includes the HOS edge nodes dedicated to the intercon-

nection toward the data centers. Similarly, the energy consumption per bit of the
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Figure 3.22: Average network delays as a function of the input load. Non-
integrated HOS network.

intra-data-center networks is given as the ratio of the total power consumption of

the intra-data-center networks and the total throughput of the intra-data-center

networks. In the non-integrated HOS architecture the power consumption of the

intra-data-center networks include the HOS aggregation switches dedicated to

the interconnection toward the core.

From Figure 3.20 we can have two important observations. First, core net-

works are more energy efficient than intra-data-center networks. This fact is

more evident for the integrated HOS network where we observe that at network

load of 35% the energy consumption per bit of the core network is 5 times lower

compared to the intra-data-center network. Second, the integrated approach

has a higher beneficial impact on the energy consumption per bit of the core

network than of the intra-data-center networks. In fact, when comparing the

energy consumption of the integrated and the non-integrated HOS networks we

observe that at a network load of 35%, the integrated approach reduces the en-

ergy consumption per bit by 30.5% of the core network and by 3.5% in case of

the intra-data-center network. This is because the additional HOS edge nodes,
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Figure 3.23: Average data loss rate as a function of the input load.

used in the non-integrated HOS network to connect toward the data centers,

have a strong impact on the total power consumption of the core network. This

impact is higher than the impact of the additional HOS aggregation switches

used inside the intra-data-center networks.

In Figure 3.21 and 3.22, we compare the values of the average network de-

lays as a function of the network load. Figure 3.21 shows the average delays

in the integrated HOS network, while Figure 3.22 presents the average delays

in the non-integrated HOS network. The Figures demonstrate clearly that the

integrated approach leads to a better delay performance and reduces the global

average delays of IP packets by always more than 1 millisecond (ms). In par-

ticular, the integrated approach significantly reduces the delays of IP packets

transmitted over short and long bursts. This is due to the fact that bursts

employ a mixed timer-length assembly algorithm that may take from several

hundreds of microseconds up to a few milliseconds. In the non-integrated HOS

network, the bursts must be de-assembled and assembled again in the electronic

interfaces between a data center and the core network leading to a strong increase

in the overall network delay.
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Figure 3.24: Energy consumption per bit against the input load for different
cache sizes.

In this paper we assume that the electronic components introduce negligible

losses. As a consequence, the data loss rates in the integrated HOS network and

in the non-integrated HOS network are the same. In Figure 3.23 we show the

average data loss rates as a function of the network load. The optical packets

are scheduled with the lowest priority and thus they experience the highest

losses. Optical bursts are scheduled a priori due to the offset-time so that they

receive a sort of prioritized handling in comparison to packets. In particular, long

bursts are characterized by long offset-times and show loss rates almost three

orders of magnitude lower than packets and almost two orders of magnitude

lower than short bursts. Finally, circuits are scheduled with the highest priority

and achieve a lossless operation and negligible establishment failure probabilities

in our simulations. To understand where in the network we observe the highest

losses, we plot in Figure 3.23 the average loss rates in the intra-data-center, inter-

data-center, and server-to-edge interconnections. We observe that the average

loss rates in inter-data-center interconnections are always the highest. This

is because in the inter-data-center interconnections the data needs to cross on
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Figure 3.25: Average delays as a function of the input load for different values
of the cache size.

average the highest number of HOS core switches (in both HOS core network and

intra-data-center network). The lowest average loss rates are instead achieved by

the intra-data-center interconnections where data always have to cross a single

HOS core switch inside the data center.

3.3.5.2 Impact of Edge Caching

In Figure 3.24 we show the energy consumption per bit of the integrated HOS

network against the network load and for different values of the cache size. To

vary the cache size we change the number of cache servers per HOS edge node,

i.e., the value of NCS . We always assume that the network nodes connected

to a data center are not equipped with local cache servers. To understand the

results shown in Figure 3.24 it should be noted that we do not consider dynamic

switching-off the electronic LCs and consequently the energy consumption of

the electronic components is independent on the network load. Only the power

consumption of the optical switching fabric of the HOS core nodes, i.e., POSF ,
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Figure 3.26: Average packet loss rates as a function of the input load for different
values of the cache size.

changes with the network load. Furthermore, it should be noted that the energy

consumption per bit is defined as the ratio between the network power consump-

tion given in Watt [W] and the network throughput given in bit per second [b/s].

Figure 3.24 shows that at low and moderate loads, the higher is the cache size

the higher is the energy consumption per bit. In fact, in our simulations, the

increase in the storage energy consumption introduced by the distributed cache

servers (PCache) is always higher than the reduction of the transport energy that

is obtained by switching-off the unused optical switch ports of the HOS core

nodes. When increasing the load, we observe that the larger the cache size the

faster the decrement of the energy consumption per bit. This is due to the fact

that increasing the number of the distributed cache servers reduces the average

data loss rates in the network. The larger the cache size the higher the net-

work throughput, especially at high loads. However, the network throughput

does not increase linearly with the cache size. In fact, according to [88] [89] the

network throughput increases in a log-like way with the increase in the cache

size. It means that the network throughput becomes saturated when increasing
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Figure 3.27: Average short burst loss rates as a function of the input load for
different values of the cache size.

the cache size over a certain value. On the other and, increasing the cache size

leads to an almost linear increase of the storage power consumption. As a con-

sequence, at high loads we observe that there is a trade-off between cache size

and energy consumption per bit. In our simulations, when the load is higher

than 50%, the best results in terms of energy consumption are achieved using 10

TByte of cache size, i.e., setting NCS = 10.

In Figure 3.25 we present the global average network delay as a function of

the network load for different values of the cache size. The Figure highlights

that the larger the cache size the lower is the global average network delay. In

particular, increasing the cache size from 0 to 10 TByte leads to a reduction of

the global average delay in the network by about 2 ms. A further increase of the

cache size from 20 to 40 TByte has a very limited impact on the global average

network delays.

Finally, in Figure 3.26, 3.27 and 3.28 we show the average loss rates of packets,

short bursts and long bursts as a function of the network load for different values

of the cache size. The circuit establishment failure probability is always null in
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Figure 3.28: Average long burst loss rates as a function of the input load for
different values of the cache size.

the considered configurations. The Figures show that the larger the cache size the

lower the average loss rates. This is due to the fact that increasing the cache size

keeps the traffic more locally, which corresponds to a higher amount of requests

from the end users served by the cache servers. This leads to a reduction of

the traffic in the core and in the intra-data-center networks and consequently to

lower loss ratios. Figure 7 also shows that by increasing the cache size from 0

to 10 TByte we achieve a high reduction in the loss rates, while increasing the

cache size over 10 TByte has a very limited impact on the loss rates.

3.3.6 Conclusions

In this paper we have proposed a unified network architecture that provides both

intra-data-center and inter-data-center connectivity together with interconnec-

tion toward legacy IP networks. This architecture is studied for future carrier

cloud operators, which run both the data centers and the core network. The ar-

chitecture is referred to as integrated core and intra-data-center network and is
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based on the Hybrid Optical Switching (HOS) technology. The main advantage

in the integration of core and intra-data-center networks in a unique infrastruc-

ture is in avoiding electronic interfaces between the data centers and the core

network. We evaluated the energy consumption along with the delay and loss

performance of the integrated HOS network and made extensive comparisons

with respect to a non-integrated HOS solution and a conventional IP network

based on electronic switching. We conclude that the integrated HOS network

achieves by far the highest energy efficiency. Furthermore, we demonstrated that

the integrated HOS network reduces considerably the average network delays

with respect to a non-integrated HOS solution. As a consequence, we conclude

that our integrated HOS network suits very well for application in carrier cloud.

Furthermore, we studied the impact of distributed video cache servers on the

energy consumption as well as the delay and loss performance of the integrated

HOS network. The existing literature on this topic only takes into account con-

ventional core and intra-data-center networks based on IP electronic switching,

which are characterized by low energy efficiency. We aim to discover if a car-

rier cloud operator that relays on our integrated HOS network is motivated in

using edge caching for optimizing its energy efficiency. We then propose an ex-

tended HOS edge node architecture that includes the cache servers and a novel

network element, referred to as content tracker, which interact with the HOS

control plane for updating the servers and processing incoming video requests.

We also develop a novel analytical model for evaluating the power consumed by

the cache. From the performed analysis we conclude that to achieve both low

delay and low loss as well as high energy efficiency in an integrated HOS network,

a careful dimensioning of the cache size is needed, e.g. at low and moderate loads

we achieve the highest energy efficiency without any edge caching. Furthermore,

our analysis can lead also to a more general conclusion: when deciding to move

from traditional electronic switching to a more energy efficient network solution,

operators will probably have to reconsider their edge caching strategy.
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Chapter 4

Conclusions

This thesis addressed the energy consumption of telecommunication core net-

works and data centers and proposed new energy efficient architectures based

on optical technologies. The proposed architectures are able to cope with the

expected increase in Internet traffic demand in an effective and sustainable man-

ner.

In the first part of the thesis, the energy efficiency in optical core networks

has been considered. Firstly, an innovative forwarding plane for Hybrid Optical

Switching (HOS) core nodes, namely HOS forwarding plane, has been proposed

and investigated. The proposed HOS forwarding plane combines efficiently three

different optical switching paradigms, namely circuit, burst, and packet switch-

ing, on the same node. It employs a unique control packet for carrying the

control information of the different data types, ensuring efficient resource uti-

lization and high flexibility. The most appropriate switching method is selected

for the transmission of traffic generated by different applications enabling effi-

cient QoS differentiation at the optical layer. Furthermore, a novel optical core

node architecture based on two parallel switches, a slow and low power consum-

ing optical switch and a fast switch, has been proposed. The architecture is

studied for reducing the energy consumption and optimizing the transmission

efficiency. A combined analytical and simulation model has been developed for

the evaluation of the data losses and the energy consumption of the proposed

HOS core node. The results have shown that the HOS core node is able to

achieve high performance while drastically reducing the consumption of current

core nodes based on electronic switching.
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As a second step, in order to extend the HOS paradigm to a core network

(e.g. the Pan-European network), an integration of the HOS forwarding plane

and the GMPLS control plane has been proposed. GMPLS is widely recog-

nized as an effective control plane for optical networks since it provides efficient

end-to-end provisioning, fast forwarding and traffic engineering decisions. The

proposed HOS network is based on an overlay model and is composed of three

layers. At the highest layer there is the GMPLS control plane that is in charge

of configuring the virtual topology. The GMPLS control plane makes use of

a dedicated network and is physically and logically separated from the layers

below. The intermediate layer is given by the HOS forwarding plane, which car-

ries the information for properly scheduling and forwarding different data types.

Finally, the HOS data plane is an optical network able to support different traf-

fic granularities, i.e., circuits, bursts and packets. The performance and energy

consumption of the HOS core network have been evaluated using a combined

simulation and analytical approach and the results show that the HOS core net-

work achieves high performance and drastically reduces the energy consumption

of current solutions

Finally, the analysis of the HOS core network has been extended by intro-

ducing a novel HOS edge node architecture and evaluating its impact on the

performance and the energy efficiency. The HOS edge nodes perform the tasks

required for the interoperability between the core network and the legacy net-

works, and, in particular, they are responsible for traffic classification and traffic

assembly. Four service classes for the HOS network have been defined and a pos-

sible mapping of future Internet services into these classes has been proposed.

The performance and energy consumption of the HOS core and edge network

have been evaluated using a combined simulation and analytical approach. The

results showed that the HOS edge nodes reduce the improvement of energy effi-

ciency against traditional electronic networks. This is due to a higher complexity

of the HOS edge nodes with respect to traditional edge nodes. However, it has

also been demonstrated that the HOS core and edge network is still able to

reduce the energy consumption of current networks by a great amount and, fur-

thermore, it is able to support an efficient QoS differentiation at the optical

layer.

In the second part of the thesis, the energy efficiency in optical data cen-

ter networks has been addressed. Firstly, a novel intra-data-center interconnect
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architecture based on the HOS paradigm has been proposed for increasing the

flexibility and reducing the energy consumption of current point-to-point solu-

tions. The HOS interconnect is organized in a fat-tree 3-Tier topology, where at

the edge tier the Top-of-the-Rack (ToR) switches manage the communications

among the servers inside the same rack. At the aggregation tier, the HOS ag-

gregation switches perform traffic aggregation, classification, and assembly and

connect the ToR switches to the core tier. The latter, is composed by a large

HOS core switch which manages the communications between servers in different

racks and is responsible of the interconnection toward the Internet. The HOS

interconnect requires minimal hardware modifications with respect to current

solutions and can be implemented with limited investments from the operators.

The HOS interconnect has been studied using a combined simulation and analyt-

ical approach and the results showed that it achieves high transmission efficiency

while reducing the energy consumption of current point-to-point solutions. How-

ever, the ToR switches, which consume the largest amount of energy inside the

data center network, limit the achievable energy gain. Furthermore, the HOS

interconnect is not able to scale efficiently with the servers’ capacity. It can be

concluded that the HOS interconnect is an optimal solution for the short/mid

term, but that in the long term a more scalable solution may be needed.

To address the long term need for high-capacity, scalable and energy-efficient

data center solutions, in this thesis a novel data center network architecture, re-

alized by combining broadcast-and-select approach with elastic channel spacing

technology, has been proposed. The interconnection among the servers within

the same rack is carried out by an optical broadcast-and-select switching matrix,

which presents higher transmission efficiency and lower energy consumption than

traditional ToR switches. The inter-rack communication are managed by an elas-

tic switch realized by interconnecting a high number of optical switching element

based on the beam steering technology. The proposed elastic optical intercon-

nect requires a complete change of the hardware used in current data centers

networks and thus it needs high investments from the operators. The energy

consumption of the proposed elastic optical data center has been proposed using

an analytical approach. It has been demonstrated that the proposed architecture

is able to scale efficiently with the number of servers and the servers’ capacity

and offers higher flexibility and lower energy consumption compared with both

the HOS interconnect and the traditional point-to-point interconnects.

Finally, in the last part of the thesis, a unified network architecture that
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provides both intra-data-center and inter-data-center connectivity together with

interconnection toward legacy IP networks, is proposed. The architecture is well

suited for the carrier cloud model, where both data-center and telecom infras-

tructure are owned and operated by the same entity. It is based on the HOS

concept for achieving high network performance and energy efficiency. There-

fore, we refer to it as an integrated HOS network. The main advantage of the

integration of core and intra-data-center networks comes from the possibility

to avoid the energy inefficient electronic interfaces between data centers and

telecom network. The results have verified that the integrated HOS network

introduces high benefits in terms of energy efficiency and network delays com-

pared to the conventional non-integrated solution. Furthermore, the impact of

distributed video cache servers on the energy consumption as well as the delay

and loss performance of the integrated HOS network has been studied. The aim

has been to identify whether a carrier cloud operator that relies on the inte-

grated HOS network concept could increase energy efficiency by employing edge

caching. According to the results we conclude that to achieve both low delay

and data loss as well as high energy efficiency in an integrated HOS network,

a careful dimensioning of the cache size is needed. In particular, at low and

moderate loads we observed the highest energy efficiency is achieved in the case

without any edge caching.
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