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Abstract 

In the last decade, energy efficiency in backbone networks has become an important problem 

due to the significant growth in the Internet traffic. A very promising solution to solve this 

problem in Internet Protocol (IP) over Wavelength Division Multiplexing (WDM) networks is 

the Virtual Topology Adaptation approach, which permits adapting network resources by 

following a dynamic daily traffic profile. In this approach, virtual topology in the WDM layer 

adapts to the changes in the IP traffic, however, IP layer routing is following the conventional 

shortest path routing strategy being unaware of the lower layer adaptation. This thesis study 

aims to analyze the possibilities of power savings in WDM and IP layers in coordination and 

proposes multi-layer approaches for energy-efficient IP over WDM networks. 

Energy-efficient algorithms on a realistic scenario are considered where commercially available 

routers and their power consumption parameters are taken into account. Among these IP router 

systems, power consumption of single and multi-shelf systems are analyzed. Multi shelf system 

can accommodate multiple chassis in a rack while in the single shelf system only one chassis is 

employed.  

For networks with single-shelf routers, we propose an energy-aware IP traffic routing strategy 

in coordination with a virtual topology adaptation approach to save energy by following a 

dynamic daily traffic profile. Energy-efficient IP routing strategy offloads the traffic from the 

network resources running in extreme load levels resulting in stabilization in the virtual 

topology and improvement in energy-efficiency. It is shown that using this approach a 

considerable amount of energy is saved compared to the case of virtual topology adaptation 

without the IP layer involvement. 

Power consumption in networks composed of multi-shelf routers is studied and three different 

strategies for energy efficiency are proposed: one in the WDM layer, an Energy and Chassis-

Aware Virtual Topology Adaptation (ECA-VTA), another in the IP layer, the Energy and 

Chassis-Aware IP Routing (ECA-IP), and a multi-layer strategy that combines ECA-VTA and 

ECA-IP (ECA-IP-VTA). Joint optimization of IP&WDM layers significantly reduces power 

consumption and number of changes in the virtual-topology compared with single-layer 

approach. 
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1. Introduction 

In this chapter the background and the purpose of this thesis is given along with a review of 

related work. Moreover, the main contributions of the thesis are highlighted. Finally, the outline 

of the report is presented. 

1.1. Motivation 

In the last decades, energy efficiency has become one of the main objectives in the field 

of Information and Communication Technology (ICT) which has evolved enormously, 

providing new broadband services to the growing number of users. This development has led 

ICT to a power consumption of about 4% of the worldwide in 2009 and this percentage is also 

expected to be doubled in 10 years [1]. 

In order to supply the new network services the traffic on the Internet has increased 

drastically, by doubling every 18 months, along with the increase of network power 

consumption [2]. In fact, the Internet consumes about 2% of the total power in broadband-

enabled countries [3]. If IP high-end routers capacities are observed, for example, it is shown 

that they increase by a factor of 2.5 every 18 months [4] while silicon technologies improve 

their energy efficiency by a factor of only 1.65 every 18 months, which is called Dennard’s law 

[5]. Thus, silicon technologies improvements are not enough to support these router capacities.  

Due to the increase of the power consumption and rising energy prices, maintenance 

costs have grown enormously and network service providers are looking for new solutions for 

this problem. In order to reduce the high power consumption of routers alternative heat 

dissipation and air cooling systems are being developed such as liquid cooling solutions, 

however they are expensive to apply.  

The increase in power consumption is not just an economical problem, there is also an 

ecological aspect. Carbon footprint of core networks has become a significant percentage of the 

total carbon footprint in developed countries and this situation is coupled with an increase in the 

greenhouse effect. These economical and sustainability concerns have raised interest among 

network designers to achieve a greener Internet by developing energy efficient network 

protocols and architectures for both IP and the underlying infrastructure. 

To support the growing IP traffic, optical WDM networks arose as a carrier 

infrastructure. IP over WDM network architecture has become a very promising solution, 

especially for core networks with high capacity. For this reason, we focus on IP over WDM 

networks in our work. It consists of two different layers: IP layer, where Internet packet traffic 

routing is performed by IP routers, and WDM layer, where end-to-end optical channels called 

lightpaths constitute the virtual topology (VT) routed over optical fiber channels by optical 

cross connects (OxC) in the intermediate nodes and transponders (line-cards) at the end nodes. 

In terms of energy, IP routers are the network elements with highest consumption in comparison 

with the low consumption of optical network components such as OxCs or optical amplifiers. 

Therefore, this study focuses on minimizing the power consumption of transponders -line cards- 

and chassis in the IP routers by energy-efficient IP routing in line with energy-efficient VT 

adaptation strategy considering a multi layer architecture under two different IP router 

architectures: (1) multi-chassis routers in the third chapter of this thesis and (2) single-chassis 

routers in the fourth chapter of the thesis. 
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1.2. Related Work 

Networks have historically been designed to operate in the worst case of a traffic 

scenario. In order to avoid overloading in the network, they are oversized based on the traffic 

peaks that are forecasted to occur at certain times of the day. This conservative strategy can 

support the full potential of traffic in the network but it leads to high and unnecessary 

consumption of energy. Thus, some studies have worked on getting a more efficient use of 

networks by adapting the provisioned network resources to a dynamic traffic load, or in other 

words, dynamic reconfiguration of VT has been studied in order to adapt the VT to the changing 

traffic conditions [6]. This approach lies in turning off or putting into sleep mode some inactive 

parts of the network. So, if traffic can be concentrated in some nodes the inactive nodes could 

be put in a sleep mode. 

Owing to the importance of this topic there are many studies concerning energy 

efficiency in optical networks. In order to give an overview of the related work we can classify 

the work in three groups: Routing and Wavelength Assignment (RWA), traffic grooming and 

Virtual Topology (VT) design. 

Working in RWA, authors in [7] use an ILP (Integer Linear Programming) formulation 

to define the problem of Power-Aware RWA. They present results in energy savings by reusing 

the same fiber along the same path as much as possible, in contrast to spreading lightpaths on 

available fibers and paths. In a more recent work, in [8] a metaheuristic called Bee Colony 

Optimization (BCO) is proposed. This strategy is applied in a static scenario to solve the RWA 

problem for different network topologies and traffic rates, showing significant improvements 

compared to other previously proposed algorithms. 

In [9] a work on traffic grooming is presented. Authors use a model of power 

consumption in a WDM network and they develop an ILP formulation for the energy-efficient 

traffic grooming problem. They use this formulation to show significant energy savings with 

power efficient grooming in a small size network. Another traffic grooming study is [10] where 

the changing role of traffic grooming towards green optical networks is discussed. Formulations 

for green optical network design are provided and it is shown that power consumption of the 

network can be significantly reduced. In [11], static and dynamic traffic grooming problems are 

investigated in a wavelength routing network to minimize the total power consumption of the 

core network and authors compare different traffic grooming policies, in terms of the energy 

efficiency, under various traffic loads. 

In the last group, VT design, authors in [12] propose a VT reconfiguration strategy with 

a daily traffic scenario which changes each hour of the day. A new VT is designed by an ILP for 

each hour depending on the traffic between each source-destination nodes in the network. 

However this strategy can disturb the IP packet traffic by re-designing the VT in each time 

interval independently. Our study presented in this thesis is based on [13], where authors 

propose an energy-aware VT adaptation (EA-VTA) strategy in a dynamic traffic scenario by 

setting-up or turning-off lightpaths, following a daily traffic pattern. It overcomes the drawback 

of disturbing the IP traffic by allowing only one change at a time in the VT. However in [13], IP 

layer follows the conventional shortest path routing without any energy-efficiency concern. 

Authors in [14] present a work that considers saving energy at both layers of the network. They 
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propose a scheme to save energy in IP-over-WDM networks by shutting down idle line cards 

and chassis of IP routers based on the traffic profile during various times of the day, similarly to 

the work we show in the thesis. Nonetheless they use a static network and they do not deal with 

sudden changes in the network, which is not very realistic. In a more general point of view of 

energy-minimized network design, the authors in [15] looks into the power savings of IP over 

WDM networks by using a strategy of lightpath bypass. To reduce power consumption they 

develop a MILP (Mixed Integer Linear Programming) optimization model together with 

efficient heuristics where they have shown a significant power saving can be obtained over the 

non-bypass design. 

Another interesting work is in [16], where the author studies issues and trends in power 

consumption of nodes in high capacity networks. This study examines four different core node 

architectures and technologies based on packet-switched and circuit-switched designs in order 

to evaluate them in terms of power consumption. In this thesis, we propose a multi layer power 

model based on different sources including [16].  

In addition to datasheets [17] and [18] from Cisco Systems company, network 

equipment power consumption values presented in [19] are used where authors give a detailed 

study on power consumption in optical multilayer networks. 

 

1.3. Contributions and Outline 

Our contributions are divided in three main parts. In the first part, in Chapter 2, we 

propose a power consumption model for a multi layer IP over WDM router and analyze the 

power consumption of different network equipment separately to show which part of the router 

dominates the power consumption. We use this model to develop strategies to save energy in 

the rest of the work. The second and third parts contain two different approaches for energy 

efficiency, developed for multi-shelf core routers in Chapter 3 and single-shelf core routers in 

Chapter 4. Finally the simulation tool and the methodology are presented in Chapter 5.  

In the first part of the thesis, the architecture and power model that will be used in this 

work is presented. In sub-chapter 2.1 we give an overview of our complete architecture, 

showing the power consumption of components in the optical layer. In sub-chapter 2.2 we study 

in depth the IP router architecture, a multi-shelf system from Cisco Systems. In 2.3 the power 

consumption model of the multi-shelf router system is presented. The traffic dependent and 

independent power consumption in a core router is analyzed in sub-chapter 2.4. Finally, in 2.5 

the distribution of the total power consumption in an IP over WDM router is presented. 

In the second, we show two strategies to save energy in two layers of the network, the 

IP and WDM layers, and then they are combined in a multilayer strategy. The problem 

definition is set in sub-chapter 3.1. As previous work, necessary to understand our contributions, 

the energy-aware virtual topology adaptation strategy of [13] is presented in 3.2, showing the 

drawbacks it has in a multi-shelf router architecture. In sub-chapter 3.3, a novel algorithm 

applied in the optical layer for energy savings in a network with multi-shelf routers is presented. 

In 3.4, we propose an energy aware routing strategy in the IP layer to obtain similar results. 

Finally, in 3.5 these two strategies are combined to minimize power consumption in both layers 

in coordination. To show concrete results a series of simulations has been run in a dynamic 
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scenario in 3.6, giving us full information about the network performance(traffic load in each 

node every time, detailed power consumption information, number of active components, etc.). 

In the third part, we consider a single-shelf router architecture as in [13] and propose an 

IP layer extension of this study by developing an energy aware routing approach for IP layer in 

coordination with WDM layer power minimization strategy. Consequently in 4.1 the problem 

definition is presented and the base line single layer traffic adaptive power minimization 

strategy is explained in 4.2. In 4.3 we modify the Dijkstra algorithm in the IP layer to 

concentrate the traffic in some nodes of the network, allowing turning off more unused nodes. 

This strategy permits a considerable energy saving and some concrete results are shown in 4.4 

by some simulations. 
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2. System Architecture 

In this chapter the system architecture that will be considered in the thesis is presented. Network 

and router architecture are shown and their power consumption is analyzed. 

2.1. Network Architecture 

An IP over WDM network consists of two layers, the IP layer and the optical layer. The 

IP layer is formed by IP routers in each node of the network, and they are connected to optical 

cross connects (OXCs). This layer is responsible to route the core traffic through the different 

nodes and to aggregate new traffic from access networks. On the other hand, the optical layer is 

formed by optical components. These are OXCs, transponders, multiplexers demultiplexers 

(MUX/DEMUX) and amplifiers, which are normally erbium doped fibber amplifiers (EDFAs). 

They can provide communication between routers in the IP layer with wide bandwidth for the 

traffic. OXCs are connected to transponders, one per each wavelength. After transponders an 

optical MUX/DEMUX is used to multiplex and demultiplex wavelengths. Furthermore, EDFAs 

are used to amplify the optical signal in fibers with long distances. In Figure 2.1 there is a 

sketch of the network. 

 

 

 

 

 

 

 

 

 

Figure 2.1. IP over WDM architecture. 

 

Optical components’ power consumption 

Although power consumption in IP over WDM networks is much higher in the IP layer, 

to make a precise power model of the network, one must take into account the consumption of 

the optical components. This work is focused in saving power mainly in the IP layer but optical 

layer power saving is taken into account as a secondary objective for the completeness of the 

analysis. In Table 2.1 a list of consumption values are shown used in this thesis for the power 

model mostly taken from [19]. 
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Optical components 

Function Component Consumption (per component) 

Optical Cross Connect OXC 150 W 

Transponder Transponder 25 W 

Multiplexer/Demultiplexer MUX/DEMUX - 

Amplifier EDFA 9 W 

 

Table 2.1. Power consumption values for optical components. 

 

2.2. Multi-shelf Router 

In this part of the thesis, core routers in each node of the IP over WDM network are 

presented. In order to have a realistic study imitating a real core network, we chose a 

commercial model, the Cisco CRS Carrier Multi-shelf Routing System [18]. 

The multi-shelf system consists of two major components: 16-slot line card chassis 

(commonly referred to as LCC) and fabric card chassis (commonly referred to as FCC). The 

multi-shelf system allows multiple LCCs and FCCs to act as a single system. The multi-shelf 

system supports eight LCCs and one, two, or four FCCs and a minimum of one LCC is required 

to configure a multi-shelf system. The connection between the FCC and LCC is by way of 

cables. 

Cisco CRS LCC overview 

The LCC is the base of our routing system and it can be used as a single-shelf system. It 

contains up to 16 modular services cards (MSCs) and 16 physical layer interface modules 

(PLIMs), which together form the line cards, in addition to 8 switch fabric cards (SFCs), and 2 

route processor (RP) cards. Each line card has a capacity up to 140 gigabits per second (Gbps) 

ingress and 140 Gbps egress, for a total routing capacity per chassis of 4,480 Gbps. The LCC 

does not require external racks. The chassis also contains its own power and cooling systems 

[17]. 

Cisco CRS FCC overview 

The FCC is the centerpiece of the multi-shelf system. It is used to connect all LCCs 

together. The FCC houses 24 switch fabric cards (SFCs), 24 optical interface modules (OIMs), 

2 OIM light emitting diode (LED) monitoring cards (OIM-LED), and 2 integrated shelf 

controller Gigabit Ethernet cards. At least one FCC is required to configure a multi-shelf system 

and it is a complete rack enclosed in a cabinet, so external racks are not required for the 

installation of an FCC. Power and cooling systems are included in the chassis power 

consumption model [18]. 

In this architecture we considered switching off some inactive line card chassis and gain 

power by traffic offloading. We selected a single-FCC with eight LCCs multi-shelf system. 
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Physical configuration 

In Figure 2.2 a physical configuration of the multi-shelf system can be seen. The system 

consists of eight LCC racks connected by cables to a FCC rack. The dimensions of the system 

are approximately 210 cm of height, 60 cm of width and 100 cm of depth per rack [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Single-FCC Multi-shelf System [18]. 

 

 

Router architecture 

In Figure 2.3 a diagram of the multi-shelf system is presented. There are eight Line 

Card Chassis connected to a Fabric Card Chassis by cables. Each LCC has 16 line cards, formed 

by one Slot Card and one Port Card each one. FCC is composed of a switch fabric and a 

controller. Furthermore, power supply system and cooling system are integrated in the LCCs 

and the FCC. 

 

 

 

 

 

LCCs LCCs FCC 
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Figure 2.3. Core router architecture. 

 

 

2.3. Power Consumption in the Core Router 

In this sub-chapter we show the power consumption of the system components. At first 

we present the power consumption values for different components of the core router in Table 

2.2 which are mainly taken from [17] and [18]. Second, we present the power distribution 

among the different components in a core router for the multi-shelf router architecture. 

 

 

 

 

 

 

 

 

 

 

 



- 15 - 

 

 

Table 2.2. Power consumption values for each network equipment. 

 

Figure 2.4 demonstrates the power distribution in the multi-shelf system. Taking values 

from Table 2.2, we calculate the power consumption of each LCC assuming that the 16 line 

cards are turned on utilized by the maximum traffic supported. The next value is the maximum 

power consumption of the FCC, with the eight LCC switched on. Then, we calculate the total 

maximum power consumption of a multi-shelf system by assuming 8 LCC for a FCC is as 

follows.   

Line Card Chassis (LCC) 

Function Component Consumption (each component) Consumption (total) 

Port Card 1-Port 100 GE PLIM 150 W (x16) 2400 W 

Slot Card CRS-MSC-140G 446 W (x16) 7136 W 

Switch fabric 
modules 

CRS-16-FC140/S 206 W (x8) 1648 W 

Route 
processor 

card 
RP card 166 W (x2) 332 W 

Fan 
controller 

card 
CRS-LCFC 334 W (x2) 668 W 

Fan tray - - - 

Power supply 
(shelf) 

Fixed Configuration DC 13900 W 13900 W 

Fabric Card Chassis (FCC) 

Function Component Consumption (each component) Consumption (total) 

Switch fabric 
card 

CRS-FCC-SFC-140 229 W (x8) 1832 W 

Shelf 
Controller 

Gigabit 
Ethernet Card 

CRS-FCC-SC-22GE 100 W (x2) 200 W 

Optical 
Interface 
Modules 

CRS-FCC-OIM-1S 166 W (x8) 1328 W 

Optical 
Interface 

Modules LED 
Card 

CRS-FCC-LED 334 W (x2) 668 W 

Fan 
controller 

card 
CRS-LCFC 334 W (x2) 668 W 

Fan tray - - - 

Power supply 
(shelf) 

Fixed Configuration DC 9000 W 9000 W 
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LCC: 26084 W 

FCC: 13696 W 

Total: 26084 (W) x 8 + 13696 (W) = 222368 W 

 

 

 

 

 

 

 

 

 

Figure 2.4. Power distribution in the multi-shelf system. 

As shown in Figure 2.4, with this architecture the 84 % of the total power consumption 

is consumed by LCCs. Note that FCC should stay switched on all the time. That means with an 

appropriate strategy we could turn off inactive line cards, and even LCC chassis if they have all 

the line cards switched off, and save a large amount of energy when the node router is idle. 

 

2.4. Traffic Dependent Power Consumption 

The power consumption in a core router not only depends on the number of LCCs and 

Line Cards turned on, also in the traffic that the router supports. Typically, datasheets of routers 

gives us values of maximum consumption. That means the consumption with the maximum 

load. But to simulate real consumption values, the traffic dependent and independent power 

consumption need to be considered separate. 

Line Cards and Chassis consumption 

Line Cards have two main components: the modular services card (MSC) and the 

associated physical layer interface module (PLIM). Packets are received through optical 

interfaces on the PLIM and they are transferred to the associated MSC. The MSC converts 

packets to cells for efficient switching and send these cells to the switch fabric. Thus, each 

MSC/PLIM pair works packet by packet, having traffic dependant power consumption. 

The switch fabric is the core of the router. It receives user data from a MSC and 

performs the necessary switching to route the data to the appropriate egress MSC. When the 
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switch fabric in the chassis receives the cells, they are distributed in different fabric planes in 

order to do a faster switching. So, the switch fabric works cell by cell, having traffic dependent 

power consumption again.  

In Figure 2.5, the basic path for IP data packets through the switch fabric is shown. In 

the multi-shelf system, Stage 1 (S1) and Stage 3 (S3) of the switch fabric are composed of 

switch fabric cards in the LCC. Stage 2 (S2) is composed of S2 fabric cards in the FCC. 

 

 

 

 

 

 

 

 

 

Figure 2.5. Path of IP data packets through the router [17]. 

 

Linear model 

In order to simulate the behavior of the router with different traffic loads, we use a 

linear model based on two terms of power consumption: (1) idle power consumption and (2) 

traffic dependent power consumption. Thus, different percentages of the maximum 

consumption values can be applied in order to have a generalized model taking into account the 

future power consumption trends of network equipment. The power consumption in a multi-

shelf core router is presented by equations (2.1) and (2.2). A graph showing different linear 

trends depending on   is shown in Figure 2.6, where we can see how   affects to the idle and 

the traffic dependant power consumption. 

                                            (2.1) 

                                                 
    
   

                  
     
     (2.2) 

 

Where: 

                                                                                   

                        

                                     

Line Card Line Card Chassis 

Idle term Traffic dependant  term 
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Figure 2.6. Power consumption depending on the traffic load in the core router. Two different idle 

consumptions are shown, 50% and 90% of the total power.  
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2.5. Network Power Model 

 IP over WDM network has two layers, i.e., physical and virtual, corresponding to the 

optical layer and IP layer respectively. In each node an optical cross connect (OXC) and a 

multi-shelf packet router are connected, assuming short reach interfaces between them. Each 

lightpath can be put into sleep mode by switching off a line card. The total power consumption 

in the core network can be calculated by Eqn. 2.3: 

                           

        

      

    

        

              

           

    

 

Where: 

                                          

                                                                                        

                                         

                                                                                   

                                                                        

                                                                      

                                                          

        
                                                  

  

(2.3) 
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3. Energy-efficient VTA with Multi-shelf System 

 The Energy and Chassis-Aware Virtual Topology Adaptation (ECA-VTA) and the 

Energy and Chassis-Aware IP Routing (ECA-IP) have the objective to save energy by adapting 

network resources to the fluctuating traffic in the network, being aware of chassis consumption 

in multi-shelf systems. Both strategies are based on the Energy-Aware Virtual Topology 

Adaptation (EA-VTA) presented in [13]. ECA-VTA works in the WDM/lightpath layer and 

ECA-IP works in the IP layer. In this chapter we present our power saving schemes working 

within both IP and WDM layers in coordination considering network architecture with multi-

shelf routers in all the nodes, taking into account line cards, chassis and fabric cards chassis for 

the power consumption calculations.  

 

3.1. Problem Definition 

ECA-VTA and ECA-IP problem can be defined as follows: 

Input: (1) The network physical topology P(N,E), where N is the set of nodes and E is the set of 

fiber links, (2) the maximum number of wavelengths (W) on each fiber link, (3) the lightpath 

capacity, (4) the IP packet traffic generated by each node, (5) Current virtual topology VT(V,L), 

where V is the set of virtual nodes connecting lightpaths, and L is the set of lightpath links, (6) 

the lightpath loads at each interval, (7) the high and low load thresholds, (8) on each node n ϵ N, 

the set of line cards LC with maximum number MLC and set of line cards chassis LCC with 

maximum number MLCC, (9) power consumption values of each network equipment, (10) the 

monitoring time interval for VT adaptation. 

Output: decide whether a chassis and/or a lightpath needs to be activated/deactivated. If a new 

lightpath is set-up or turned off, IP traffic offloading is to be triggered after/before the VT 

change. 

Objectives: minimize the power consumption of the network through minimizing the number 

of active network equipment (LCC and LC) giving priority to the chassis power consumption 

since it is more than 2 orders of magnitude bigger than line-cards. 

 

3.2. Basic Approach: Energy-Aware Virtual Topology Adaptation 

(EA-VTA) 

The Energy-Aware Virtual Topology Adaptation (EA-VTA) has the objective to adapt 

network resources to the traffic load in the network. At certain times of the day lightpaths can be 

added or deleted one by one depending on two parameters called thresholds. If a load of a 

lightpath goes below the low threshold (TL), then this lightpath will be deleted after offloading 

the traffic. If the load of a lightpath exceeds the high threshold (TH) then a new lightpath is 

added between the same source and destination.  
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Power model 

 Power model presented in 2.5 is used to calculate the power consumption in the 

network. We take into account the two layers of the network, IP and WDM layer, for the 

calculations and in all nodes of the network a multi-shelf system composed of line cards, chassis 

and fabric card is used as core router. Using this model EA-VTA will be compared with ECA-

VTA and ECA-IP. 

Drawbacks of EA-VTA for a multi-shelf routing system architecture 

 EA-VTA was designed for single-shelf systems and it achieves energy savings over a 

static virtual topology design as it is shown in [13]. Nonetheless, this strategy does not consider 

chassis and fabric cards consumption in routers and it has some drawbacks in a network with 

multi-chassis nodes. The addition and deletion of lightpaths is decided depending on the 

threshold values and the main objective of this power saving scheme is minimizing the number 

of active lightpaths or in another words active line cards. But an increase in power consumption 

can occur in hierarchical multi-shelf systems because by deleting lightpaths, we concentrate 

traffic in some specific nodes and sometimes this can lead to an increase in number of chassis. 

This problem does not appear in single-shelf systems because there is no possibility to activate 

multiple chassis. In a multi-shelf system, minimizing the number of chassis should be 

prioritized over line cards. If we look into power consumption values in sub-chapter 2.3 it is 

given a power consumption of 596 W per line card and a power consumption of 16,548 W per 

chassis, which means that consumption of one chassis is approximately equal to consumption of 

28 line cards. 

 In Fig. 3.1, the chassis and line card power consumption in EA-VTA with a high 

threshold of 80% is presented with two different low threshold values: 10% and 20%. As we 

increase the low threshold from 10% to 20% line card power consumption drops since we 

achieve a reduction in the number of lightpaths. However, this mechanism does not work when 

it comes to the chassis power consumption where a significant increase is observed. This 

increase could be produced by a small number of chassis but it is enough to cause a 

considerable increase in the total power consumption since the value of chassis power 

consumption in order of magnitudes higher. 
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Figure 3.1. Chassis and line cards average power consumption in an IP over WDM network during 

82 hours. EA-VTA is used with a high threshold of 80% in both cases. Low thresholds of 10% and 

20% are compared. 

 This situation leads us to design new strategies that take into account chassis 

consumption in multi-shelf systems. In the next sub-chapter a solution for the WDM layer is 

presented which is called Energy and Chassis-Aware Virtual Topology Adaptation. In sub-sub-

chapter 3.4 a chassis aware power saving strategy is proposed for the IP layer, called the Energy 

and Chassis-Aware IP Routing. 

 

3.3. Energy and Chassis-Aware Virtual Topology Adaptation (ECA-

VTA) 

 To overcome the drawbacks of the WDM layer power saving scheme EA-VTA in a 

network composed of multi-shelf nodes, we propose the ECA-VTA. This strategy is based on 

EA-VTA and in addition it takes into account chassis and fabric cards power consumption when 

adding and deleting lightpaths. ECA-VTA is presented in Algorithm 3.1. Lines 1-4 are to decide 

whether and where in the VT a lightpath needs to be activated while lines 5-8 are to decide 

whether and where in the VT a lightpath needs to be deactivated. When the load of a lightpath l 

between nodes x and y, L(l,xy), exceeds the high threshold (TH), an additional lightpath will be 

set-up to avoid congestion between x and y. If there are more than one overloaded lightpath (i.e. 

with the load over TH), since we are allowed to set-up only one lightpath at a time, the number 

of active LCs sharing the same chassis c, with lightpath l, N(c,l), i.e., the load of chassis c, 

determines which lightpath will be set-up. The lightpath located at chassis closest to the medium 

load, in terms of number of active LCs, is selected to increase the potential to switch off a 

lightly loaded chassis or to avoid turning on a new chassis in the future. In the case that we have 

just one overloaded lightpath, ECA-VTA works exactly like EA-VTA. In a similar way, if more 

than one lightpath is under TL, the lightpath located at the chassis with the maximum difference 

from the medium load is chosen to be deleted. Tear-down strategy gives priority to the chassis 

near to be full or empty in terms of number of LCs to increase the potential to turn off an 

inactive chassis and avoiding the risk to turn on a new chassis by exceeding the capacity. 
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Algorithm 3.1.  ECA-VTA (Energy and Chassis-Aware Virtual Topology Adaptation). 

1 For each lightpath l in VT  

2          If  L(l,xy) > TH  then put l into Listadd  

3  Select l from  Listadd with minimum weight |N(c,l)-MLC/2|  

4  Set-up a new lightpath between the source and destionation of selected lightpath l  

5  For each lightpath l in VT 

6          If  L(l,xy) < TL  then put l into Listdel  

7 Select l from  Listdel with maximum weight |N(c,l)-MLC/2|  

8 Delete lightpath l  

 

 

 As we explained, in EA-VTA the lightpath weight is equal to the lightpath load, giving 

priority to higher loaded lightpaths when adding a new one and giving priority to lower loaded 

lightpaths when deleting it. In Algorithm (3.1) the lightpaths weight assignment in ECA-VTA is 

shown. The lightpath weight |N(c,l)-MLC/2| is proportional to N(c,l). By this weight assignment, 

when adding and deleting lightpaths we are minimizing the number of active chassis in the 

network, in addition to the number of lightpaths.  

In Fig. 3.2 a graph shows the weight assignment for each lightpath depending on the 

number of active line cards. The figure shows the behavior of |N(c,l)-MLC/2| with different values 

of number of line cards. Axis x represents the number of active line cards and axis y represents 

the lightpath weight. 

 

Fig. 3.2. Lightpath weight assignment depending on the chasis load, i.e., number of active Line Cards 

in a chassis used in the ECA-VTA approach. 
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3.4. Energy and Chassis-Aware IP Routing 

 This strategy works in the IP layer to complement the energy-aware VTA approaches 

working in the WDM layer, i.e., EA-VTA, and a more sophisticated approach like ECA-VTA. 

The main idea is to route IP traffic being aware of chassis consumption in nodes so that traffic 

load can be minimized in those chassis close to be fully utilized or empty. Algorithm 3.2 

presents how ECA-IP works in two layers. The EA-VTA determines when a lightpath is added 

or deleted and ECA-IP works in the IP traffic routing layer after/before a lightpath is 

added/deleted. A new lightpath is set up when L(l,xy) exceeds the high threshold (TH). This new 

lightpath is set up to reduce the traffic load of the most loaded lightpath by rerouting the traffic 

after the activation of the new lightpath by <IP traffic offloading>. On the other hand, when 

L(l,xy), falls behind the low threshold (TL), <IP traffic offloading> mechanism will be evoked to 

be able to tear down the lightly loaded lightpath. 

Algorithm 3.2.  ECA-IP (Energy and Chassis-Aware IP Traffic Routing). 

   If  L(l,xy) > TH    Then  Set-up a new lightpath l between x and y                            

                                                 Evoke <IP traffic offloading>  

   If  L(l,xy) < TL  Then  Evoke <IP traffic offloading> 

                                                Delete lightpath l between x and y 

 

 Typically, <IP traffic offloading> is done considering shortest path routing but in ECA-

IP we propose a chassis-aware weight assignment for IP routing. A linear model is used for link 

weight assignment taking into account the number of active line cards sharing the same chassis 

c with lightpath l, as shown in Eqn. (3.1). 

                             

 The weight assignment model encourages the IP packets to be routed through the 

medium loaded network equipment. As a result traffic is reduced in routers with high N(c,l) to 

avoid turning on a new chassis and in routers with low N(c,l) to maximize the possibility to turn 

off inactive chassis. Parameter Wmin defines the minimum weight that can be assigned. In sub-

chapter 3.6 this strategy will be compared with other strategies presented in this thesis. 

In Fig. 3.3 a graph shows the weight assignment for each link depending on the number 

of active line cards. The figure shows the behavior of Eqn. (3.2) with different values of number 

of line cards. Axis x represents the number of active line cards and axis y represents the link 

weight. 

 

 

(3.1) 
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Fig. 3.3. Link weight depending on the number of active Line Cards in the ECA-IP approach. 

 

3.5. ECA-VTA and ECA-IP Combination 

 As we showed in sub-chapters 3.3 and 3.4, ECA-VTA and ECA-IP work on WDM 

layer and IP layer respectively to save energy in an IP over WDM network with multi-shelf 

routers in its nodes. The purpose of this point of the work is to combine these strategies in a 

multi layer approach that achieves better energy savings. So, when more than one lightpath are 

over the high threshold or under the low threshold the decision of which lightpath should be 

added or deleted is made following the ECA-VTA, which takes into account the chassis 

consumption. After the VT update, ECA-IP works on IP traffic routing being aware of routers 

consumption another time. In Algorithm 3.3 the combination of these strategies is presented. 

 

Algorithm 3.3. ECA-IP-VTA (Energy and Chassis-Aware IP Traffic Routing and VT Adaptation). 

   If  L(l,xy) > TH  and  |N(c,l)-MLC/2| is minimum  Then Set-up a new lightpath l between x and y 

                                                                         Evoke <IP traffic offloading> 

   If  L(l,xy) < TL  and  |N(c,l)-MLC/2| is maximum  Then  Evoke <IP traffic offloading> 

                                                                         Delete lightpath l between x and y 

 

 In Algorithm 3.3, L(l,xy) denotes the load of a lightpath l between nodes x and y, TH is 

the high threshold and TL is the low threshold. N(c,l) is the number of active LCs sharing the 

same chassis c with lightpath l and MLC denotes the maximum number of line cards. In the 

WDM layer the lightpaths weight system presented in Algorithm 3.1 for ECA-VTA is used and 

in the IP layer the traffic routing is done according to the weight system shown in Eqn. (3.1) for 

the ECA-IP. With this combined algorithm we expect to get higher power consumption savings 

that we will show in the results.  
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3.6 Results 

We evaluate the performance of the proposed algorithms in this chapter by comparing 

the basic approach EA-VTA with ECA-VTA, ECA-IP and ECA-IP-VTA. A physical topology 

of 24 nodes and 43 physical links is used. In each link, one fiber with 32 wavelengths is used 

and in each node there are 4 LCC and 8 LC per LCC. The lightpath capacity is 40 Gbps and 

traffic is generated according to a daily profile by an IP packet traffic generator.  

Traffic between all the nodes is produced dynamically and generator uses different 

traffic rates for different hours of the day following a 24 hour daily traffic profile for each node 

pair. Traffic rates are changing between 50 Mbps and 1.7 Gbps and an initial Virtual Topology 

is set. All the results are showed after a warm up period of 9 hours. 

Total power 

Fig. 3.4 shows total average power consumption in the network during 82 hours for 

different strategies. ECA-VTA, ECA-IP and the combination of ECA-VTA and ECA-IP (ECA-

IP-VTA) are compared with the base line approach EA-VTA, showing savings of ECA-VTA up 

to 9.8 %, ECA-IP up to 11.4% and further savings with the multi-layer combination ECA-IP-

VTA up to 15.0% over EA-VTA. Results are obtained by using TH = 60% and changing the low 

threshold from TL = 10% to TL = 20% but similar results can be obtained with different 

thresholds. An interesting conclusion we can reach from this figure is that the only strategy that 

fails in terms of power savings from a low threshold of 10% to a low threshold of 20% is the 

EA-VTA. All other approaches achieve power savings by increasing the low threshold value.  

 

Figure 3.4. Average power consumption of the network during 82 hours for different approaches. On 

the left, a high threshold of 60% and a low threshold of 10% are used. On the right, a high threshold 

of 60% and a low threshold of 20% are used. 

 In Fig. 3.5 and 3.6 the power consumption distribution in the whole network is 

presented, obtained with EA-VTA and ECA-IP-VTA respectively.  It is interesting to see that in 

both figures more than 50% of power consumption stems from chassis, more than 30% from the 

fabric cards followed by line cards with around 9%. This means consumption comes from 

chassis, fabric cards and line cards. Due to this fact, it is important to prioritize power saving in 

chassis. In Fig. 3.5 we can see that routers chassis consume 55.11%, fabric cards chassis around 

33.30% and line cards 9.67% of the total power consumption for the EA-VTA approach. On the 

other hand, optical components consume around the 2% of the power consumption in the 
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network. These optical components are divided into optical amplifiers, optical cross connect 

(OXC) and the idle power, which is the traffic independent consumption by optical active 

devices. 

 

 

Figure 3.5. Power distribution for different network equipment in EA-VTA during a whole 

simulation of 82 hours. The high threshold is 60% and the low threshold is 20%. 

 Instead, in Fig. 3.6 chassis consumption drops down to 50.93% and the other percentage 

values increase lightly. This is due to with the ECA-IP-VTA approach chassis consumption is 

reduced notably but the consumption of other components are almost the same. 

 

Figure 3.6. Power distribution for different network equipment in ECA-IP-VTA during a whole 

simulation of 82 hours. The high threshold is 60% and the low threshold is 20%. 
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Routers consumption 

 In this part of the thesis we show the performance comparison of the proposed 

algorithms in terms of chassis total power consumption. By changing thresholds we can adapt 

our VT in different manners, achieving considerable power savings with the correct thresholds. 

As it is shown in Fig. 3.1, EA-VTA fails in this attempt of power savings in networks with 

multi-shelf routers because of the chassis unaware VT adaptation. In Fig. 3.7 chassis 

consumption is presented for EA-VTA and ECA-VTA approaches. With the latest strategy we 

can see that we have significant power savings of up to 11.8% in chassis consumption over the 

EA-VTA case, which is translated into a total power savings of 9.8% over the EA-VTA as it is 

shown in Fig.3.4. 

 

Figure 3.7. Chassis average power consumption in an IP over WDM network during 82 hours. EA-

VTA and ECA-VTA are used with a high threshold of 60% in both cases. Low thresholds of 10% and 

20% are compared. 

 In Fig. 3.8 values of chassis consumption for ECA-IP are presented together with EA-

VTA chassis consumption, showing power savings in chassis for ECA-IP of up to 16.7% over 

the EA-VTA. As we can see from this values of power consumption and from Fig.3.7 power 

savings are higher in ECA-IP than in ECA-VTA, reaching total savings of 11.4%. 
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Figure 3.8. Chassis average power consumption in an IP over WDM network during 82 hours. EA-

VTA and ECA-IP are compared under different low thresholds of 10% and 20% with a high threshold 

of 60% in both cases. 

 Finally, in Fig. 3.9 chassis average power consumption over 82 hours for the whole 

network is shown under different low threshold values for ECA-IP-VTA compared with EA-

VTA. The highest performance in terms of power savings is achieved by ECA-IP-VTA strategy 

for high and low thresholds of 60 and 20 respectively which is up to 17.7% just in chassis 

consumption, which is translated into total power savings of 15.0% over the EA-VTA approach. 

 

Figure 3.9. Chassis average power consumption in an IP over WDM network during 82 hours. EA-

VTA and ECA-IP-VTA are compared for low thresholds of 10% and 20% with a high threshold of 

60% in both cases.  

 

Effect of the thresholds 

In this sub-chapter, we analyze the impact of threshold values over the total network 

power consumption averaged over 82 hours. A series of four figures (Fig. 3.10-3.13) represents 

the total average power consumption depending on the thresholds for EA-VTA, ECA-VTA, 

ECA-IP and the combination of ECA-VTA and ECA-IP (ECA-IP-VTA). It is worth noting that 

these figures follow a mathematical approximation based on polynomials and simulation results 
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for different thresholds.  A series of simulations were repeated 20 times for 6 different pair of 

threshold values and averaged to obtain discrete sample points of the figure after which a 

polynomial of third grade was calculated interpolating the points to plot the graphs. In all the 

figures from 3.10 to 3.13, axis z corresponds to the total average consumption in the network in 

kW, axis x corresponds to the value of the low threshold and axis y is the value of the high 

threshold. Values of thresholds vary between 60% and 80% for TH and between 10% and 25% 

for TL. Furthermore, the point of the minimum consumption is marked. As clarification, note 

that values in the edges are not considered as minimum points of consumption if there is another 

minimum because these are the points where the mathematical function is less accurate and 

unstable. As a rule of thumb, higher values in TL give better values of consumption due to the 

deletion of more lightpaths. But it is important to note that incrementing this value further could 

be dangerous because the network becomes unstable. Higher values in TH also give lower power 

consumption values in general due to the higher utilization of lightpaths, although it can lead to 

a higher blocking probability and longer fiber hops paths in the network. 

The first figure (Fig. 3.10) corresponds to the EA-VTA approach. As we can see, the 

minimum power consumption of 802.4 kW occurs with thresholds values of 24% and 66% for 

TL and TH. Nonetheless the average consumption for all thresholds is significantly higher than 

in the other approaches, as we expect, being around 840 kW. 

 
Fig. 3.10. Effect of the thresholds over  power consumption in the EA-VTA. Axis z represents the 

total average consumption of the network in kW, axis x represents the low threshold and axis y 

represents the high threshold. 

 Fig. 3.11 shows the total average power consumption for the ECA-VTA approach. It 

follows a more stable pattern with minimums of consumption when the high threshold is high 

compared to EA-VTA (minimum is in 17% and 76% for the low and high threshold 

respectively, with a value of 777.2 kW). Although the average of consumption is significantly 

less than in EA-VTA, reaching savings around 10% at optimum areas) some points with lower 

high thresholds could have savings of just 4.1% over EA-VTA. For this strategy the average 

consumption for all thresholds is approximately 800 kW. 
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Fig. 3.11. Effect of the thresholds in the power consumption in the ECA-VTA. Axis z represents the 

total average consumption of the network in kW, axis x represents the low threshold and axis y 

represents the high threshold. 

 In Fig. 3.12 the consumption for ECA-IP-VTA is presented. With this approach, if we 

look at the average consumption we can get higher savings that reach up to 12% over EA-VTA, 

compared with the 10% savings of ECA-VTA. There is a minimum consumption of 764.8 kW 

in the optimum point under thresholds values 22% and 65%. Nonetheless in some regions 

consumption could be higher than in the ECA-VTA approach. This time for all the thresholds 

the average consumption is slightly below 800 kW. 

 
Fig. 3.12. Effect of the thresholds over  power consumption in the ECA-IP. Axis z represents the total 

average consumption of the network in kW, axis x represents the low threshold and axis y represents 

the high threshold. 
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 In Fig. 3.13 consumption of ECA-IP-VTA is shown, presenting savings of up to 15% 

over the EA-VTA. It is interesting to note that although the minimum consumption value of 

751.5 kW is not so far from the minimum consumption in ECA-IP, the average power 

consumption for different thresholds is much lower with this approach, being around 780 kW. 

So, it is the best strategy in terms of energy in an IP over WDM network with multi-shelf 

routers of the four presented. 

 
Fig. 3.13. Effect of the thresholds over power consumption in the ECA-IP-VTA. Axis z represents the 

total average consumption of the network in kW, axis x represents the low threshold and axis y 

represents the high threshold. 

 

VT reconfiguration 

 In Fig. 3.14 and Fig. 3.15 the total power consumption in the network during 48 stable 

hours is shown. We compare different VT adaptation approaches and also a static case, where 

networks resources are designed based on traffic peaks and VT does not change dynamically. 

For all the simulations we use a high threshold of 60% and a low threshold of 10% in Fig. 3.14 

and a low threshold of 20% in Fig. 3.15. The upper bound of VT adaptation is the basic EA-

VTA, although it is still far better than the static case. We can see the chassis unaware behavior 

for example from the hour 35 to the hour 40 in Fig. 3.14, where the three steps means that three 

new chassis are set up, with a significant power increase. All the other strategies avoid these 

situations and the best approach is the combination of ECA-VTA and ECA-IP, i.e., the ECA-IP-

VTA. 
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Fig. 3.14. Comparison of the power consumption for different approaches during 48 hours. High 

threshold is 60% and low threshold is 10%. 

 

Fig. 3.15. Comparison of the power consumption for different approaches during 48 hours. High 

threshold is 60% and low threshold is 20%. 

 

Number of active network equipment 

 In this sub-chapter the number of active chassis and line cars is presented during 48 

hours of simulation. The following graphs complement figures 3.14 and 3.15 to show how 

power consumption depends basically in terms of the number of active chassis. Fig. 3.16 and 

3.17 present the number of active line cards for the different approaches for a low threshold of 

10% and 20% respectively. In both cases the high threshold is 60%. Intuitively, the results 

support the previous findings as the worst case is the EA-VTA and the best the ECA-IP-VTA. It 

is worth noting that the number of active chassis determines the flow of the total power 

consumption in Fig. 3.14 and 3.15 under different times of the day. 
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Fig. 3.16. Comparison of the number of active chassis for different approaches during 48 hours. High 

threshold is 60% and low threshold is 10%. 

 

Fig. 3.17. Comparison of the number of active chassis for different approaches during 48 hours. High 

threshold is 60% and low threshold is 20%. 
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4. Energy-efficient IP Traffic Routing with Single-shelf 

System 

The Energy-Aware IP Routing and Virtual Topology Adaptation (EA-IP-VTA) aims at 

adapting network resources to the changing traffic load in the network while offloading the IP 

traffic by an energy-aware routing strategy. It is based on the Energy-Aware Virtual Topology 

Adaptation (EA-VTA) presented in [13] and in the same way, after each observation period in a 

day, lightpaths can be set-up or turned-off one by one depending on two parameters called 

thresholds. Low threshold determines the minimum load that a lightpath is allowed to carry. If 

the load is below this threshold the lightpath is deactivated. High threshold determines the load 

at which a lightpath is considered to be congested. If the high threshold is exceeded a new 

lightpath is activated between the end nodes. In this part of the thesis we use a network 

architecture with single-shelf routers in all the nodes, considering just line cards for the power 

consumption calculations. 

 

4.1. Problem Definition 

At a certain observation period, EA-IP-VTA problem can be defined as follows: 

Input: (1) The network physical topology P(N,E), where N is the set of nodes and E is the set of 

fiber links, (2) the maximum number of wavelengths (W) on each fiber link, (3) the lightpath 

capacity, (4) the IP packet traffic generated by each node, (5) Current virtual topology VT(V,L), 

where V is the set of virtual nodes connecting lightpaths, and L is the set of lightpath links, (6) 

the lightpath loads at each interval, (7) the high and low thresholds, (8) on each node n ϵ N, the 

set of line cards LC, and (9) power consumption values for each network equipment, (10) the 

monitoring time interval for VT adaptation. 

Output: decide whether a lightpath needs to be added/deleted to/from the VT. Route the new 

lightpath on the physical topology. Re-route IP packet traffic on the new VT (IP traffic 

offloading). 

Objectives: (1) minimize the power consumption of the network. (2) Ensure load balancing and 

stability in the network. 

 

4.2. Basic Approach: Energy-Aware Virtual Topology Adaptation 

As we have explained in sub-chapter 3.2, EA-VTA has the objective to adapt network 

resources to the traffic load by adding and deleting lightpaths. In this sub-chapter we consider 

single-shelf routers in the network architecture and based on EA-VTA develop an energy-aware 

IP routing strategy, which focuses on minimizing the number of line cards in coordination with 

virtual topology adaptation in the WDM layer.  

Power model 

We consider a different power model than the one explained in Chapter 2 and used in 

Chapter 3. Similarly we consider power consumption in both layers of the network, IP and 
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WDM layers. However in this power model, single-shelf router system is taken into account as 

in [13].  

The node architecture is composed of a single-chassis IP router and an optical cross 

connect. For router consumption we consider just Line Cards consumption because chassis 

consumption is a fixed value in every node, which does not create a difference between different 

IP routing and VT adaptation strategies. To perform EO and OE conversions a transceiver is 

used after each Line Card and every lightpath uses a pair of Line Cards and transceivers. For 

giving realistic values a Cisco CRS-1 router  odel  s selected w th ”S  gle-Port STM-256c 

POS I terface Module” a d a ”Modular Serv ces  ard” as    e  ards for our system. 

Tra spo ders are ”Tellabs 7100 Opt cal Tra sport Syste  40 G gab t Tra spo der Module”. 

So, traffic consumption in an IP over WDM network can be calculated as: 

 

            

        

      

    

        
        

            
        

       

              

 

 

Where, power consumption of in-line amplifiers on physical link (m,n) is determined by 

   . The binary variable     is equal to 1 if there is a wavelength on link (m,n) used by a 

lightpath.     is idle (traffic independent power) power consumption at node i by active devices 

and    is another binary variable that is equal to 1 if any lightpath uses node    .    is power 

consumption per lightpath for electronic processing and transponders at a node, including EO 

and OE conversions and electronic switching, and   is its idle percentage. If     is 1 that means 

there is a lightpath between nodes i and j. Traffic dependant percentage of    is determined by 

      and      is the traffic load on lightpath (i,j).    is the power consumption per wavelength 

for switching devices at a node such as a MEMS optical switch.     is the number of 

wavelengths in use on physical links (m,n). 

The idle power for physical links and nodes is defined by the first two terms in Eqn. 

(4.1), respectively. The third term means the IP layer power consumption per lightpath at the 

starting and terminating nodes, i.e., EO and OE conversions, electronic processing at the IP 

port. The fourth term is the traffic dependant IP layer power consumption at the starting and 

terminating nodes in each lightpath. Finally, the power consumption at the pass-through nodes 

is calculated by the fifth term. 

Regarding consumption values, electronic control power consumption at each node is 

   = 150W  n   N. Electronic processing per IP port,    = 667W for 40Gbps channel capacity 

and the idle percentage of this power,   = 0.9. 3D MEMS switching per wavelength consumes a 

total    = 0.107W of power. Power consumed by in-line amplifiers is calculated by the formula 

    =   .     where    = 9W and     = [    80k −1]     clud  g pre a d post a pl f ers. 

    is the length of physical link (m,n) in km. These values are taken from [12], [16] and [20]. 

 

4.3. Energy-Aware IP Traffic Routing and VT Adaptation 

EA-IP-VTA is a multi-layer approach in energy-efficiency proposing an energy-aware 

IP traffic offloading solution in coordination with the EA-VTA, targeting energy-efficiency in 

 

(4.1) 
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both IP and WDM layers. Algorithm 4.1 shows how these two energy-efficiency mechanisms 

work together. IP Traffic offloading scheme needs to be evoked after/before a lightpath is set-

up/terminated. If the load of a lightpath between nodes x and y (Lxy) exceeds the high threshold 

(TH) an additional lightpath will be set-up to decrease the load. If the load of a lightpath, Lxy, 

becomes lower than the low threshold (TL), IP traffic offloading mechanism will be evoked to 

off-load the traffic in order to be able to tear down the lightly loaded lightpath. 

Algorithm 4.1.  EA-IP-VTA (Energy-Aware IP Traffic Routing for VT Adaptation). 

   If  L(l,xy) > TH  Then  Set-up a new lightpath l between x and y 

                                Evoke <IP Traffic offloading> 

   If  L(l,xy)  < TL  Then  Evoke <IP Traffic offloading>  

                                Delete lightpath l between x and y 

 

Typically, <IP traffic offloading> is done considering shortest path routing but in EA-

IP-VTA we propose an energy-aware weight assignment for IP routing. The weight assignment 

is done taking into account the traffic load in each link as in Eqn. (4.2). 

     

                                                                                         

        -                                                                   

                                                                                           

           (4.2) 

In Eqn. (4.2), Wxy denotes the weight of link between x and y. In case (i), a big weight 

(penalty) is applied for links under the low threshold (TL). In case (ii), we use a linear model 

depending on link load (Lxy) to assign weights in links the load of which is between the low and 

the high threshold values. Thus, if a link load is close to a threshold a big weight is applied and 

if it is far from both thresholds, corresponding to a medium load, the minimum weight (Wmin) is 

used. In the third case (iii) we use a big penalty for links over the high threshold (TH). Using 

this weight system, IP traffic is encouraged to follow the links that are far from either high or 

low load-thresholds, increasing the chance of deleting a lightpath and minimizing the number of 

lightpath additions. 

In Fig. 4.1 link weight assignment for a particular link as a  function of the link traffic 

load is presented. The figure shows the behavior of Eqn. (4.2) with different values of link 

traffic load.  
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Fig. 4.1. Load influence in the weight assignment in the EA-IP-VTA approach. 

 

4.4. Results 

In order to demonstrate the performance of our proposed EA-IP-VTA, the results are 

compared with EA-VTA where the IP routing is energy-unaware. We use a physical network 

topology of 24 nodes and 43 links. We consider one fiber with 16 wavelengths in each link and 

8 transceivers and LC in each node. The lightpath capacity is 40 Gbps and an IP packet traffic 

generator following a Pareto distribution is used to generate daily traffic. 

With the objective to give realistic results the generator uses different traffic rates for 

different hours of the day following a daily traffic pattern and it generates traffic between all the 

nodes. IP traffic rates range between 50 Mbps and 1.7 Gbps. An initial VT is used and the 

results are demonstrated after a warm up period of 9 hours. It is observed that network 

converges to a similar VT topology in terms of number of lightpaths regardless of the initial VT. 

IP over WDM network architecture and corresponding power model is used as in [13]. 

Total power 

In Fig. 4.2 total average power consumption in the network is presented during 82 

hours, showing savings of EA-IP-VTA up to 12 % over EA-VTA for a high threshold TH = 60 

% and two values of low thresholds, i.e., TL = 10% and TL = 20%. In EA-IP-VTA the impact of 

low threshold is reduced since low-loaded lightpaths are already avoided by the energy-efficient 

IP traffic routing strategy. 

 



- 41 - 

 

Fig. 4.2. Total average power in the network during 82 hours. EA-VTA is compared with EA-IP-

VTA for two different values of thresholds. The high threshold is fixed in 60 and the low threshold 

changes from 10 to 20.  

 In Fig. 4.3 and 4.4 a comparison between EA-VTA and EA-IP-VTA is shown. Graphs 

present the percentage of total power consumption for different network equipment and it is 

shown that higher power savings in IP routers caused by the deletion of more lightpaths, which 

means less number of active line cards in the router. IP routers’ power consumption drops from 

an 82.27% of the total power consumption in EA-VTA to an 81.47% of the total power 

consumption in EA-IP-VTA. Results are obtained with a high threshold of 60% and a low 

threshold of 10% in both graphs. 

 

Fig. 4.3. Power distribution for different network 

equipment in EA-VTA. The high threshold is 60% and 

the low threshold is 10%. 

Fig. 4.4. Power distribution for different network 

equipment in EA-IP-VTA. The high threshold is 60% 

and the low threshold is 10%. 
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Effect of the thresholds 

3D graph in Fig. 4.5 shows the power consumption of the network for different TH and 

TL values. As we can see from the figure, with EA-IP-VTA, higher values of TL result in better 

performance due to the deletion of more number of lightpaths. But it is important to note that it 

is not beneficial to increase this low threshold further since it can result in traffic instability. 

Higher values in the TH also perform well in terms of power savings. Increasing TH more than a 

certain value results in congestion and longer paths. By choosing correct thresholds, around 

73% and 25%, we can achieve minimum power consumption. 

 

Fig. 4.5. Effect of the thresholds over power consumption in the EA-IP-VTA. Axis z represent the 

total average consumption of the network in kW, axis x represent the low threshold and axis y 

represent the high threshold. 

 

VT reconfiguration 

 In Fig. 4.6 we show the power consumption in the network during 48 hours. We 

compare EA-VTA and EA-IP-VTA approaches with a static case, where networks resources are 

designed based on traffic peaks and VT does not change dynamically, i.e., no VT adaptation. In 

order to have a fair comparison for the static case we use similar values for thresholds: a high 

threshold of 60% and a low threshold of 10%. For EA-VTA and EA-IP-VTA we use a high 

threshold of 60% and we change the low threshold from 10% to 20%. As we expected, with 

EA-IP-VTA we have better results in terms of energy than in EA-VTA, although it is still far 

better than the static case. 
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Fig. 4.6. Comparison of the power consumption for different approaches during 48 hours. 

 

Loads in lightpaths 

In Fig. 4.7 and Fig. 4.8 we plot the loads of lightpaths in two strategies, EA-VTA and 

EA-IP-VTA with TL=10%, TH=60%, concluding that we achieved a considerable load 

balancing in the network with EA-IP-VTA. The black line shows the maximum traffic load in a 

lightpath in the whole network, the blue line represent the minimum load in a lightpath in the 

whole network and the red line is the average traffic load in lightpaths in the network. If we 

look at the average load line in Fig. 4.7, the lightpath loads make deep peaks and valleys 

following a daily traffic profile in EA-VTA. On the other hand in Fig. 4.8, EA-IP-VTA follows 

a more stable load profile. Thus, with the energy-aware IP packet routing we are not only saving 

a considerable amount of energy, we are also achieving load stability in the network. 

 

Fig. 4.7. Traffic load in lightpaths during 82 hours using the EA-VTA with a high threshold of 60 and 

a low threshold of 10. 
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Fig. 4.8. Traffic load in lightpaths during 82 hours using the EA-IP-VTA with a high threshold of 60 

and a low threshold of 10. 
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5. Conclusions 

In this thesis, a series of approaches are proposed to save energy in IP over WDM 

networks. Using a dynamic virtual topology adaptation as a basis, different improvements for 

energy efficiency are developed. Furthermore, the real power consumption values for the 

network components are used to obtain realistic results. 

In the first part of the thesis an IP over WDM network with multi-shelf routers is 

assumed and we demonstrate that a basic Energy-Aware Virtual Topology Adaptation (EA-

VTA), which does not take into account chassis consumption, is not very efficient, leading to a 

large energy consumption. The proposed work minimizes the number of active chassis in the 

network to achieve a reduction of the power consumption. To accomplish that three different 

strategies are shown: (1) for the WDM layer, the Energy and Chassis-Aware Virtual Topology 

Adaptation (ECA-VTA); (2) for the IP layer, Energy and Chassis-Aware IP Routing (ECA-IP); 

and (3) a multi-layer approach by combining both strategies (ECA-IP-VTA). A series of 

simulations shows savings up to 9.8%, 11.4% and 15% of the total power consumption 

compared with the basic EA-VTA approach for ECA-VTA, ECA-IP and ECA-IP-VTA 

respectively. 

In the second part of the work single-shelf routers are considered in the IP over WDM 

network, where a new multi-layer strategy is proposed to save energy and achieve stability in 

traffic load. Energy-aware IP routing strategy in coordination with virtual topology adaptation 

encourages to turn-off a larger number of transponders and efficiently prevents the activation of 

more transponders (lightpaths) compared to the single layer approach, thanks to the new weight 

assignment strategy in the IP routers and the multi layer approach. The proposed solution, EA-

IP-VTA, achieves savings up to 12 % of the total power consumption over the EA-VTA. 

As future work, we propose to explore different values for the idle and the traffic 

dependent parts of the network equipment power consumption. In this work we used a realistic 

value of  , i.e., equal to 0.9. As it was explained in chapter 2, this value represents the 

percentage of the total power consumption that is traffic independant. Nonetheless, the trend is 

to reduce this value and in few years it could be near to 0.6. Therefore, it is necessary to study 

the approaches we presented in the thesis with the new values of consumption and adapt them 

due to the importance of the increased traffic dependent power consumption. Another way to 

extend this work could be to generalize the proposed energy efficient solutions for other 

network equipment, especially for other router brands with very different architectures. 
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Appendices 

Appendix A1 gives an overview of the simulator and the demonstrator together with the input 

and the output files. Furthermore, the methodology to obtain the graphs presented in the thesis is 

explained in detail. 

Appendix A2 contains an article that was written based on the thesis. It was published in the 

Asian Communications and Photonics Conference (ACP) 2012 and received the 2nd Best 

Student Paper Award in Network Architectures, Management, and Applications. 
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A1. Simulation Framework 

A1.2 Simulator Description 

Simulator overview 

An IP over WDM network simulator is used to generate results. It is written in C++ 

language and to compile the code we use the g++ compiler through a makefile, creating an 

executable file. A UNIX operating system is used to run the simulations. The UNIX system is in 

a remote server owned by KTH University and to access it we use a remote session through 

software Putty. 

The simulations are made with a physical topology of 24 nodes and 43 edges. In each 

link, one fiber with 32 wavelengths is used and there are 16 transceivers in each node. The 

lightpath capacity is 40 Gbps and a traffic generator is used to generate traffic during the whole 

simulation. The generator uses different traffic rates for the different hours of the day and it 

generates traffic between all the nodes. These traffic rates are between 50 Mbps and 1.7 Gbps. 

In Figure 5.1 a graph shows the total traffic rate in the network in 24 hours. 

 

Figure 5.1. Total traffic rate in the network for 24 hours 

For all the simulations 81 hours are simulated and the first 9 hours are considered as warm up 

time, hence excluded from the results. Thus, we have complete information for a stable period 

of three days. 

Input parameters 

Input parameters for simulations are given through four input files. In this sub-chapter 

of thesis we explain these input files and the parameters they contain, as well as the values we 

chose to obtain our results. 

The first input file is the Topology_file. In this file we set the parameters to define the 

physical topology of the network. The first parameter included in this file is the number of 

nodes in the network, which is 24 in our case. The number of edges is set by the second 

parameter. We chose 43 for our topology. The next value is the number of wavelengths and we 
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use 32 in the Chapter 3 and 16 in the Chapter 4 of the thesis. The last number in this group of 

values is the number of transceivers per node, the architecture in Chapter 3 and 4, we assumed 

that number of transceivers is16 and 8 respectively. After these four initial values we define for 

each edge the source, the destination, the number of fibers in this link and the distance in km. In 

the topology we chose in this study, the number of fibers in all the links is 1. The distances vary 

between 250 km and 3900 km. 

The second input file (Con_req_file) contains the information about the traffic requests 

for all the nodes during a specified number of hours. The first value we have in this file is the 

number of requests. Because we have 24 nodes and each node has requests for all the other 

nodes, the total number of requests we have is of 552. The second input parameter is the number 

of hours when we have connection requests, which normally is 24 hours. Next is a series of 

values defining the connection requests. First two numbers in this series correspond to the 

source and destination nodes; followed by 24 numbers (if we have 24 hours in the second 

parameter) setting the daily traffic pattern for this request in Gbps for each hour. 

VT_file is the third input file and it defines the initial virtual topology for the simulation. 

That is the information about all the initial lightpaths. The first value in this input file is the 

number of lightpath, which is 58 in our case. After that a series of number pairs set the source 

and destination for all the initial lightpaths. 

The last input file is called config_file and it sets five general values for the simulation. 

The first value indicates the lightpath capacity and we chose a capacity of 40 Gbps. The second 

value is the observation window parameter. This parameter sets how often the network virtual 

topology can change in seconds. For our simulations we select a value of 300 seconds. The third 

and fourth parameters are the high and low load thresholds respectively, which take different 

values depending on the simulations. These values are explained in more detail in the previous 

chapters. The last input parameter is the simulation time, which is 292000 seconds in our case. 

This value means the total time we are simulating our backbone network. 

Code files 

 The simulator code consists of 6 cpp files and 14 h files. In this sub-chapter of thesis, 

the modifications made during this thesis study are explained together with the code.. The h files 

are header files and they contain definitions of classes, constants and functions that we use in 

cpp files. The aim of this point is just to give a brief description of the simulation code and how 

it works, not to show an exhaustive explanation of the code. 

The vtrs.cpp file contains the function main, the first function in the code which is 

executed. By u dersta d  g th s fu ct o  we ca  have a  overv ew of the s  ulat o  tool’s 

behavior. Basically, this main function receives the input parameters and it calls setup functions 

to set all the input parameters. After these setups, the simulated network starts to work until the 

currenttime parameter equals the simulation time input parameter. No changes are made in this 

file within the thesis study. 

 In the generate.cpp file there are functions related to the traffic generator. In the setup 

function the second input file Con_req_file is used to take information about connection 

requests. Moreover, in this file there are important functions such as packet generator or a 

function to change traffic rates. It is worth noting that in setup function in this file we set an 

important parameter for the simulations, the packet size. For our simulation we chose an IP 
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packet size, taking a mean value of 1500 bytes which is a typical value for an IP packet. No 

changes are made in this file within the thesis study. 

 Information about physical topology of the network is set in topology.cpp file, where we 

receive the parameters from the first input file in the setup function. This file is not modified in 

our study. 

 netconf.cpp contains two significant parts of the code which was important for our 

study. On one hand the information about the virtual topology is set in the network. That is the 

information of all the lightpaths established in the network including when they are created and 

deleted. In the setup function the initial virtual topology is set from the third input file VT_file. 

On the other hand, the power consumption of the network is calculated when any change 

occurs. Thus, this file contains a lot of modifications. First of all, we add our router architecture 

in the system, taking into account router components as line cards, chassis and fabric card 

chassis in the energy calculation. We set one FCC in each node and to control the number of 

active line cards and active chassis in each node we have the number of free line cards and 

chassis in the node router, decreasing this value if we add a new lightpath from or to this node 

and incrementing it if we delete a lightpath. Furthermore, we introduce the idle and the traffic 

dependant consumption in the code, calculating the idle consumption when we create or delete a 

lightpath. The traffic dependant consumption is not calculated here because we have to calculate 

it every time as the traffic changes on a lightpath, not only when a lightpath is added or deleted. 

 In the layer3.cpp the IP layer is implemented. So, in this file there are functions where 

routing tables are updated following the Dijkstra shortest path algorithm and OSPF routing 

protocol, the packets are routed through this routing tables and it is decided which lightpaths 

should be created or deleted depending on the traffic load and the thresholds. Our modifications 

in this file are threefold. First, traffic dependant power consumption is calculated at each 

observation window which was defined as an input parameter. The traffic dependant power 

consumption is set in the variable called traffic_energy in the function TE(). The other two 

modifications are in the Dijkstra algorithm part in two different versions of the code. In one 

version, in order to implement the proposed algorithm in Chapter 3.2, the energy-aware VT 

adaptation, the weight assignments in the algorithm are changed taking into account the number 

of line cards in each node, as we explained previously. In the other version of the code, we 

implement the algorithm proposed in Chapter 4.1, i.e., the energy-aware IP packet routing. To 

simulate this idea we change the weight assignments in the Dijkstra algorithm similarly as in the 

other version but this time taking into account the traffic in each link, giving priority to links 

with high load in order to concentrate the traffic in less lightpaths. In both versions of the code 

the weights in the Dijkstra algorithm are controlled by the variable called addcost in the 

functions IPRouting(), IPRoutingAdd1() and IPRoutingDel1(). The implementation of energy-

aware algorithms can be seen in these functions. 

 The last cpp file is the event.cpp file. In this file the events that can occur during the 

event driven simulator is defined with what type of behavior they trigger in the system. There 

are different types of events as packet arrivals, traffic rates updates, virtual topology changes or 

the end of the simulation. This piece of code is not modified during this study. 

 There is one more file that we want to comment because it is important for running the 

simulation tool for different scenarios and use cases. It is the global.h file. In this file global 

variables and constants used in different parts of the code are defined. For example, our values 



- 54 - 

of router components consumption are here, as well as other important parameters for 

simulations. 

Output 

 The simulator generates eight output files in a folder named results, in addition to the 

information given by the standard output and the standard error output. To show results in this 

work just five output files are used. The objective of this sub-chapter is to explain the contents 

of these five output files in order to clarify how we took our work results. 

 The first output file we use is called energy.step and in this file we have the information 

of power consumption at all times when there was any change in the virtual topology of the 

network. For each observation period, this file contains the information of time and 

corresponding power consumption values for amplifiers, OXCs, routers as well as total 

consumption. 

 The second output file is the rec.his file where the histogram values are presented. It has 

a series of pairs representing the lightpath traffic load and the number of lightpaths during the 

whole simulation that had this load. The traffic load varies between 0 and 100. 

 rec.ld contains the values of traffic loads in every observation periodin the system. 

Values of maximum load in a lightpath, minimum load in a lightpath and average load in all the 

lightpaths are included in this file. 

 In rout.step there is information about the number of active components in every router 

of the core network. The information is written in this file when a change happens in the virtual 

topology of the network. Each set of information in this file contains the time, the number of 

active chassis and the number of active line cards at that time. 

 Finally, trafener.step has information about the power consumption of each router in 

each observation period of the simulation. The difference with energy.step is that in this output 

file we can see values of traffic dependant consumption in every observation period but in the 

first one we have the power consumption for the total network just when there is a change in the 

virtual topology. 

 Finally, we are going to explain the standard output and the standard error output. In the 

standard output, at first, we get general information when setups are made about the network 

and simulation parameters. After that, lightpath loads and the change that is made in the virtual 

topology at that time, if there is, is shown. Normally, this output is very long and it is advisable 

to redirect this output to a file to check it after the simulation because it is difficult to follow it 

in the screen. To conclude, the standard error output shows the errors that can occur in the 

simulation and the elapsed real time when it finishes. In a normal simulation without errors this 

output is very short. So, we can use the screen as standard output and it is not necessary to save 

this information. 
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A1.2. Demonstrator Description 

Demonstrator overview 

 Matlab is used to show results from the output files generated by the simulator.  We 

select the version 7.12.0.635 (R2011a) for 64-bit Windows. For each output file, energy.step, 

rec.his, rec.ld, rout.step and trafener.step, a series of graphs are drawn. These files together 

with the input files for the simulator Topology_file, Con_req_file and Config_file must be 

placed in the current folder in the Matlab session with seven .m files that contain the code to 

process the output files information. In this sub-chapter, we explain briefly how the Matlab files 

and how we generate the graphs. 

Matlab files 

 We use seven different .m files and they are called from the Command Window in 

Matlab. These files are out.m, traffic.m, out_energy_traff, out_energy, out_load, out_hist and 

out_routers_state. The main file is out.m file and calls the other six functions. So, by executing 

it we generate all the graphs but it is also possible to execute separately all the files. After the 

explanation of the files we show some examples of the graphs that are generated. Note that the 

purpose of this sub-chapter is not to explain the parameters but only the graphs and what they 

represent.  

 In out.m there are four output values and no input parameters. In this file, at first 

Topology_file, Con_req_file and Config_file are read and some parameters are calculated. Then 

the other Matlab functions are called using the correct calculated parameters for these functions 

that we previously obtained. The first output value means the total average power consumption 

in the routers during the whole simulation. The second output value is the total average idle 

power consumption in the routers and the third one is the total average traffic dependant 

consumption. The last parameter is a vector that means the power consumption of the network 

during the simulation in each observation period. 

 To process the information of traffic rates in 24 hours, traffic.m is used. It reads 

Con_req_file to draw two graphs showing traffic rates. In Fig. 5.2 the total traffic rate in the 

network for 24 hours is presented and in Fig. 5.3 we can see the traffic rates for all the 

connections for 24 hours. 

 

Figure 5.2. Total traffic rate Figure 5.3. Traffic rates 
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 The file out_energy_traff takes the information contained on trafener.step to generate 

two graphs with information about power consumption in network routers. In Fig. 5.4 the total 

routers’ power co su pt o   s showed together w th the  dle routers’ power co su pt o  

during the whole simulation. On the other hand, in Fig. 5.5 it is presented the traffic dependant 

routers’ power co su pt o . 

 

Figure 5.4. Idle and total power consumption in   

routers 

Figure 5.5. Traffic dependant power consumption in 

routers 

 In out_energy file, information about total traffic in the network is processed. Taking 

values from energy.step two different graphs are generated. In Fig. 5.6 we can see the power 

consumption for the total network and for routers compared in the same graph. In Fig. 5.7 

power consumption in the optical layer is presented. 

 

Figure 5.6. Routers and network power consumption Figure 5.7. Optical layer power consumption 

 To present results about traffic load out_load function takes the results contained in 

rec.ld and produce a graph. In Fig. 5.8 we can see an example showing the maximum traffic 

load in a lightpath in the network, the minimum traffic load in a lightpath in the network and the 

average traffic load for all lightpaths in the network during the whole simulation. 
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Figure 5.8. Traffic loads during the whole simulation 

 The function out_hist reads the rec.his file and creates a histogram with the number of 

lightpaths with a load between 0% and 100% during the simulation. An example is shown in 

Fig. 5.9. 

 

Figure 5.9. Number of lightpaths with different loads in the whole simulation 

 Finally, in out_routers_state function rout.step file is read in order to explain the 

information about active components in routers in the simulation. In Fig. 5.10 the number of 

active line cards and chassis in network routers in every observation period during the 

simulation is presented. 
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Figure 5.10. Number of active components in network routers 

 In addition to the output files and the generated graphs two output values are presented 

in the Command Window of Matlab. The first value is named average_chassis and it means the 

total average power consumption of routers chassis during the simulation. The second value is 

average_linecards and it is the total average power consumption of line cards. 
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1. Introduction  

In the last decade, the Internet traffic rates has been growing significantly leading to an increase in the 

power consumption of backbone networks [1]. IP over WDM network architecture has become a 

promising backbone solution in terms of both capacity and energy efficiency. This architecture consists of 

two different layers: IP layer, where Internet packet traffic routing is performed by IP routers; and WDM 

layer, where end-to-end optical channels called lightpaths constitute the virtual topology (VT). If high-

end Internet Protocol (IP) router-capacities are observed, it can be seen that they increase by a factor of 

2.5 every 18 months [2] while silicon technologies improve their energy efficiency by a factor of only 

1.65 every 18 months [3]. Thus, energy-aware traffic engineering and network design techniques need to 

be developed to compensate this gap.  

Today’s opt cal backbo e  etworks are des g ed to operate u der the h ghest load that ca  be 

expected in the network. In order to avoid congestion in the network, they are oversized based on the 

traffic peaks that are forecasted to occur. This conservative strategy can guarantee to support future traffic 

increase and bursty traffic arrivals but it leads to unnecessary high power consumption. Thus, network 

power saving methods are mostly focused on switching off or putting into sleep mode a set of lightly 

loaded network equipments under low traffic conditions. 

There are many studies concerning energy efficiency in optical backbone networks which can be 

classified in three groups focusing on (1) routing and wavelength assignment (RWA), (2) traffic 

grooming and (3) virtual topology (VT) design/reconfiguration. Authors in [4] propose an ILP (Integer 

Linear Programming) formulation for energy-aware RWA. In this study, power saving is achieved by 

routing of lightpaths over a minimum number of fiber links. However the power gain in energy-aware 

RWA is limited since the power consumption of optical line amplifiers constitutes a very small proportion 

of the total network power consumption. Energy-aware traffic grooming is studied in [5] where an ILP 

model is proposed and solved for a small size network. In this network design approach, authors show the 

importance of both IP traffic and lightpath routings together in multiple layers in order to achieve 

maximum power savings. An energy-aware VT reconfiguration strategy is proposed in [6] considering a 

daily traffic profile. A new VT is designed by an ILP for each hour depending on the traffic between each 

source-destination nodes in the network. However this strategy can disturb the IP packet traffic by re-

designing the VT in each time interval independently. Our study presented in this paper is based on [7], 

where authors propose an energy-aware VT adaptation (EA-VTA) strategy in a dynamic traffic scenario 

by setting-up or turning-off lightpaths, following a daily traffic pattern. It overcomes the drawback of 

disturbing the IP traffic by allowing only one change at a time in the VT. However in [7], IP layer follows 

the conventional shortest path routing without any energy-efficiency concern. In contrast, in our current 

study we developed an energy-aware IP routing strategy in coordination with virtual topology adaptation 

considering energy efficiency in multiple layers. We show that our multi-layer approach achieves 12% 

power savings over single layer approach along with the network stability improvement. 

2.  Energy-Aware IP Routing and Virtual Topology Adaptation 

The Energy-Aware IP Routing and Virtual Topology Adaptation (EA-IP-VTA) aims at adapting network 

resources to the changing traffic load in the network while offloading the IP traffic by an energy-aware 

routing strategy. After each observation period in a day, lightpaths can be set-up or turned-off one by one 

depending on two parameters called thresholds. Low threshold determines the minimum load that a 

lightpath is allowed to carry. If the load is below this threshold the lightpath is deactivated. High 

threshold determines the load at which a lightpath is considered to be congested. If the high threshold is 

exceeded a new lightpath is activated between the end nodes. At a certain observation period, EA-IP-

VTA problem can be defined as follows: 
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Input: (1) the network physical topology P(N,E), where N is the number of nodes and E is the number of 

fiber links in the topology, (2) the maximum number of wavelengths (W) on each link, (3) the lightpath 

capacity, (4) the traffic input rates in the network, (5) the lightpath loads, (6) the high and low thresholds, 

(7) the number of line cards (LC) in each node, and (8) power consumption values for network 

equipment. 

Output: decide whether a lightpath needs to be added/deleted to/from the VT. Route the new lightpath on 

the physical topology. Re-route IP packet traffic on the new VT (IP traffic offloading). 

Objectives: (1) minimize the energy consumption of the network. (2) Ensure load balancing and stability 

in the network. 

EA-IP-VTA is a multi-layer approach in energy-efficiency proposing an energy-aware IP traffic 

offloading solution in coordination with the EA-VTA, targeting energy-efficiency in both IP and WDM 

layers. Algorithm 1 shows how these two energy-efficiency mechanisms work together. IP Traffic 

offloading scheme needs to be evoked after/before a lightpath is set-up/terminated. If the load of a 

lightpath between nodes x and y (Lxy) exceeds the high threshold (TH) an additional lightpath will be set-

up to decrease the load. If the load of a lightpath, Lxy, becomes lower than the low threshold (TL), IP 

traffic offloading mechanism will be evoked to off-load the traffic in order to be able to tear down the 

lightly loaded lightpath. 

   If  Lxy > TH  Then  Set-up a new lightpath between x and y 

                                Evoke <IP Traffic offloading> 

   If  Lxy < TL  Then  Evoke <IP Traffic offloading>  

                                Delete a lightpath between x and y 

Algorithm 2.  EA-IP-VTA (Energy-Aware IP Traffic Routing for VT Adaptation). 

Typically, <IP traffic offloading> is done considering shortest path routing but in EA-IP-VTA we 

propose an energy-aware weight assignment for IP routing. The weight assignment is done taking into 

account the traffic load in each link as in Eqn. (1). 

 xy  

M                                                f  xy T  .                          

  xy- TH T                         f T   xy TH .                    

M                                                  f  xy TH .                          

           (1) 

In Eqn. (1), Wxy denotes the weight of link between x and y. In case (i), a big weight (penalty) is 

applied for links under the low threshold (TL). In case (ii), we use a linear model depending on link load 

(Lxy) to assign weights in links the load of which is between the low and the high threshold values. Thus, 

if a link load is close to a threshold a big weight is applied and if it is far from both thresholds, 

corresponding to a medium load, the minimum weight (Wmin) is used. In the third case (iii) we use a big 

penalty for links over the high threshold (TH). Using this weight system, IP traffic is encouraged to follow 

the links that are far from either high or low load-thresholds, increasing the chance of deleting a lightpath 

and minimizing the number of lightpath additions. 

3.  Illustrative Numerical Results 

In order to demonstrate the performance of our proposed EA-IP-VTA, the results are compared with EA-

VTA where the IP routing is energy-unaware. We use a physical network topology of 24 nodes and 43 

links. We consider one fiber with 16 wavelengths in each link and 8 transceivers in each node. The 

lightpath capacity is 40 Gbps and an IP packet traffic generator following a Pareto distribution is used to 

generate daily traffic. 

With the objective to give realistic results the generator uses different traffic rates for different hours 

of the day following a daily traffic pattern and it generates traffic between all the nodes. IP traffic rates 

range between 50 Mbps and 1.7 Gbps. An initial VT is used and the results are demonstrated after a warm 

up period of 9 hours. It is observed that network converges to a similar VT topology in terms of number 

of lightpaths regardless of the initial VT. IP over WDM network architecture and corresponding power 

model is used as in [7]. 

In Fig. 1 total average power consumption in the network is presented during 82 hours, showing 

savings of EA-IP-VTA up to 12 % over EA-VTA for a high threshold TH = 60 % and two values of low 

thresholds, i.e., TL = 10% and TL = 20%. In EA-IP-VTA the impact of low threshold is reduced since low-

loaded lightpaths are already avoided by the energy-efficient IP traffic routing strategy.  

3D graph in Fig. 2 shows the power consumption of the network for different TH and TL values. As we 

can see from the figure, with EA-IP-VTA, higher values of TL result in better performance due to the 

deletion of more number of lightpaths. But it is important to note that it is not beneficial to increase this 

low threshold further since it can result in traffic instability. Higher values in the TH also perform well in 
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terms of power savings. Increasing TH more than a certain value results in congestion and longer paths. 

By choosing correct thresholds, around 73% and 25%, we can achieve minimum power consumption. 

In Fig. 3 and Fig. 4 we plot the loads of lightpaths in two strategies, EA-VTA and EA-IP-VTA with 

TL=10%, TH=60%, concluding that we achieved a considerable load balancing in the network with EA-

IP-VTA. The black line shows the maximum traffic load in a lightpath in the whole network, the blue line 

represent the minimum load in a lightpath in the whole network and the red line is the average traffic load 

in lightpaths in the network. If we look at the average load line in Fig. 3, the lightpath loads make deep 

peaks and valleys following a daily traffic profile in EA-VTA. On the other hand in Fig. 4, EA-IP-VTA 

follows a more stable load profile. Thus, with the energy-aware IP packet routing we are not only saving 

a considerable amount of energy, we are also achieving load stability in the network. 

 
Fig. 1. Total average power in the network during three days. 

EA-VTA is compared with EA-IP-VTA. TH=60%, TL=10 and 
20%.  

Fig. 2. Effect of the thresholds in the power consumption in the 

EA-IP-VTA. 

            
 

Fig. 3. Lightpath loads during 82 hours using the EA-VTA. Fig. 4. Lightpath loads during 82 hours using the EA-IP-VTA. 

3.  Conclusion 

In this work a new multi-layer strategy is proposed to save energy and achieve stability in traffic load 

in IP over WDM networks. Energy-aware IP routing strategy in coordination with virtual topology 

adaptation encourages to turn-off larger number of transponders and efficiently prevents the activation of 

larger number of transponders (lightpaths) compared to the single layer approach, thanks to the new 

weight assignment strategy in the IP routers and the multi layer approach. The proposed solution, EA-IP-

VTA, achieves savings up to 12 % of the total power consumption over the EA-VTA. 

References  

[1] J. Baliga, R. Ayre, K. Hinton, W. V. Sor   a d R. S. Tucker, “E ergy  o su pt o     Opt cal IP  etworks”    Jour al of 

Lightwave Technology, vol. 27, no. 13, jul. (2009) 

[ ] D. T.  e lso , “Photo  cs for Sw tch  g a d Rout  g”    IEEE Jour al of Selected Top cs    Qua tu  Electro  cs, vol. 1 , no. 

4, jul. (2006) 

[3] M. Bohr, “A 30 Year Retrospect ve o  De  ard’s MOSFET Scal  g Paper”    IEEE Sol d-State Circuits Newsletter, vol. 12, no. 
1, (2007) 

[4] Y.  u,  .  h arav gl o, M. Mell a, a d F.  er , “Power-Aware Rout  g a d  avele gth Ass g  e t    Opt cal  etworks”. 

E O  ’09   009  
[5] E. Yetg  er, a d G.  . Rouskas, “Power Eff c e t Traff c Groo   g    Opt cal  DM  etworks”    IEEE G OBE OM’09,  

(2009) 

[6] E. Bo etto,  .  h arav gl o, D.  uda, F. Idz kowsk , a d F.  er , “Explo t  g Traff c Dy a  cs    Power-Aware Logical 
Topology Des g ”    E O  ‘11   011  

[7] A. Yay  l , a d  .  avdar, “E ergy-Aware Virtual Topology Reconf gurat o  u der Dy a  c Traff c”    I TO ’  01 ,   01   


