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Abstract 

The energy consumption of communication networks is continuously growing. Many energy saving approaches 

have been proposed at the device, system, and network level. The most promising way to address this problem is 

to utilize photonic technologies as much as possible thanks to their low energy consumption per bit 

performance. Moreover, several approaches have been proposed to further reduce the energy consumption in 

optical networks. One popular technique exploits low power modes (e.g., sleep or doze mode) for devices that 

are not used. However, sleep mode based approaches may affect the way optical connections (i.e., lightpaths) 

are routed, or alter the characteristics of some devices. This in turn may have a detrimental impact on crucial 

network/device performance parameters. In other words a green approach may introduce additional delay, 

change the level of resource utilization in the network, or even impact the lifetime of a device, resulting in 

increased network operational cost. This thesis provides a study that carefully assesses, in both access and core 

networks, the trade-off between the benefits of sleep-based energy-efficient schemes and their possible side-

effects.  

In fiber access networks putting a device into sleep mode and waking it up can introduce a significant energy 

overhead. Already proposed energy-efficient approaches reduce this overhead by aggregating as much as 

possible the traffic before a transmission. However, aggregating data may cause an additional delay that in some 

cases might not be acceptable. This thesis investigates the trade-off between energy saving and additional packet 

delay in the case of a LTE backhaul network based on wavelength division multiplexing passive optical network 

(WDM-PON). The thesis proposes a novel energy-efficient approach based on the dozing concept able to 

precisely control when a transmitter needs to wake up in order to maximize the time spent in sleep mode, while 

assuring that packet transmissions are completed before a given deadline. The proposed scheme is also able to 

exploit possibly diverse traffic delay requirements to further improve energy saving performance.  

In optical core networks, one way to decrease the energy consumption is to minimize the number of used 

active devices by aggregating the lightpaths on the lowest possible number of active fiber links. Routing 

strategies based on this intuition are beneficial in terms of energy saving, but on the other hand may impact the 

network performance (e.g., blocking probability) by affecting length of the lightpaths and link occupancy 

distribution. This trade-off is evaluated in the thesis with the help of a specially designed routing and 

wavelength assignment (RWA) strategy referred to as weighted power aware lightpath routing (WPA-LR). The 

WPA-LR strategy permits the fine tuning between the minimization of two objectives: energy consumption and 

network resource (i.e., wavelength) utilization. Evaluation results confirm that energy efficiency and network 

performance are conflicting objectives. However, the proposed WPA-LR strategy offers energy minimization 

with acceptable impact on the network performance. 

The thesis also investigates the impact that sleep-based energy-efficient strategies have on the lifetime of a 

number of optical network devices, in both access and core networks. In fact, utilizing a sleep mode 

functionality may change the operational conditions of the device which can impact the device lifetime. This is a 

crucial aspect to consider because it may directly affect the network operational cost related to fault 

management. The thesis provides a methodology to assess under which conditions and for which devices an 

energy-efficient scheme may lead to overall cost benefit vs. a (possible) increase of reparation cost. It was found 

that in access networks and with business customers a small lifetime variation in optical line terminals (OLTs) 

or in optical network units (ONUs) can lead to significant cost increase that cannot be covered by the profits 

coming from the energy saving. In core networks erbium doped fiber amplifiers (EDFAs) are the most 

vulnerable devices in terms of impact on their lifetime. For this reason it was found that the usage of green 

routing algorithms based on putting EDFAs into sleep mode may not always be economically beneficial. 

In conclusion this thesis provides a different perspective on sleep mode based energy-efficient algorithms 

where the potential benefit in terms of energy saving is weighted against the impact of a possible degradation of 

the network performance and devices lifetime. On the other hand these performance degradations can be 

controlled and limited by the proposed algorithms. 
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Sammanfattning 

Energikonsumtionen av kommunikationsnätverk, växer kontinuerligt. Många energibesparande åtgärder har 

föreslagits, såväl på komponentnivå, systemnivå och nätverksnivå. Det mest lovande sättet att hantera 

energibehov i kommunikationsnätverk är att utnyttja optisk teknologi så mycket som möjligt då denna har 

potential att ge låg energiförbrukning per bit. Det finns också ett antal föreslagna metoder för att ytterligare 

reducera energibehovet i optiska nätverk. En av de mest använda teknikerna bygger på att låta enheter som ej 

används gå ner på låg effekt (”sovläge”). Om detta används i allt för hög utsträckning kan det dock påverka hur 

optiska förbindelser (sk lightpaths) sätts upp eller ge förändrade egenskaper hos de aktuella komponenterna. 

Detta kan i sin tur ha en skadlig inverkan på de centrala nätverks- och komponentegenskaper vilket påverkar 

prestandan. Med andra ord kan en sådan ”grön” ansats baserad på sovläge leda till ökad fördröjning, förändring 

av resursutnyttjandet i nätet och till och med påverka risken för att det uppstår fel i komponenterna vilket ökar 

driftskostnaden för nätet. Denna avhandling fokuserar på dessa aspekter och visar upp resultat som belyser 

avvägningen mellan sovlägesbaserade energieffektiva strategier och deras eventuella bieffekter.  

Att slå av och väcka upp komponenter i optiska access-nätverk kan vara förknippat med en signifikant extra 

energikostnad. Tidigare föreslagna energieffektiva strategier försöker reducera denna ökade energikostnad 

genom att samla så mycket trafik som möjligt innan överföringen sker. Dock kan detta leda till ökad fördröjning 

som i vissa lägen inte är acceptabel. I avhandlingen undersöker vi avvägningen mellan energibesparingar och 

ökad paketfördröjning i fallet med LTE distributionsnät baserade på våglängsmultiplexerade passiva optiska 

nätverk (WDM-PON). Vi föreslår en ny energieffektiv ansats baserad på att enheter försätts i ”slummer-läge”. 

Detta gör det möjligt att med god precision bestämma när en sändare behöver väckas upp i syfte att maximera 

tiden i sovläget och att försäkra sig om att paketen kommer fram inom avsedd tid. Strategin är även kapabel att 

utnyttja differentierad fördröjning för att ytterligare förbättra energibesparingen. 

Ett sätt att minska energikonsumtionen i optiska distributionsnät är att minimera antalet aktiva enheter 

genom att exempelvis samla optiska förbindelser till ett minimalt antal aktiva fiberlänkar. Routingstrategier som 

utgår från denna princip är fördelaktiga ur energisynpunkt men kan å andra sidan skada nätverksprestanda 

(exempelvis blockeringssannolikhet) genom påverkan på förbindelselängder och annorlunda belastning av 

länkarna. Denna avvägning utvärderas i avhandlingen med hjälp av en specifikt utformad strategi för routing 

och våglängstilldelning (RWA) som vi benämner ”viktad effektmedveten optisk förbindelserouting” (WPA-

LR). Denna strategi möjliggör noggrann avvägning mellan minimeringen av två kriterier: å ena sidan 

energikonsumtion, å andra sidan utnyttjandet av nätverksresurser (speciellt väglängdsutnyttjandet). Vår 

utvärdering bekräftar att energieffektivitet och nätverksprestanda står i motsatsförhållande till varandra. Dock 

erbjuder WPA-LR strategin minimering av energin med en acceptabel påverkan på nätverksprestanda. 

Slutligen undersöks i avhandlingen den påverkan som sovlägesbaserade energieffektiva strategier har på 

livslängden för optiska nätverkskomponenter, både i access- och i distributionsnät. Användning av 

sovlägesfunktion kan påverka arbetsförhållandena för en komponent, något som i sin tur kan påverka 

livslängden. Detta är en kritisk aspekt att ta i beaktande då det direkt kan påverka driftskostnaden kopplad till 

nätunderhållet. En metod ges för att utvärdera under vilka förhållanden och för vilka enheter en energieffektiv 

strategi kan leda till en total kostnadsfördel jämfört med en (möjlig) ökning av reparationskostnaderna. Ett 

resultat är att, i accessnät och för företagsanvändare, så kan även en liten variation i feluppkomst i optiska 

linjeterminaler (OLTs) eller optiska nätverksenheter (ONUs) leda till signifikanta kostnadsförluster vilka inte 

kan kompenseras genom de vinster som kan åstadkommas med energibesparingar. I distributionsnät är erbium-

dopade fiberförstärkare (EDFAs) de mest utsatta enheterna vad gäller inverkan på livslängd. Genom att studera 

routingstrategier (ex.vis WPA-LR) har vi funnit att användningen av ”gröna” routingalgoritmer baserade på att 

lägga EDFAs i sovläge inte alltid är ekonomiskt fördelaktigt. 

Denna avhandling ger ett perspektiv på sovlägesbaserade energieffektiviseringsalgoritmer där de potentiella 

fördelarna vad gäller minskade driftskostnader ställs mot möjliga försämringar av nätverksprestanda och 

komponenters livslängd. Å andra sidan kan dessa försämringar hållas under kontroll och begränsas av den 

föreslagna algoritmen. 
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Résumé 

La consommation d'énergie des réseaux de communication ne cesse de croître. Ce problème fait l’objet de 

nombreuses approches orientées vers les économies d'énergie (écoénergétiques) au niveau des appareils (équipements) 

des systèmes et des réseaux. La façon la plus prometteuse de limiter l’augmentation de consommation évoquée est 

d'utiliser autant que possible des technologies photoniques, vu leur faible consommation d'énergie par bit. Plusieurs 

autres approches ont été proposées pour réduire davantage encore la consommation d'énergie dans des réseaux 

optiques. Une technique populaire exploite les modes de faible puissance (par exemple le mode veille) pour les 

appareils qui ne sont pas utilisés. Cependant, les approches basées sur le mode de veille peuvent affecter la manière 

dont les liaisons optiques (circuits optiques) sont acheminées, ou modifier les caractéristiques de certains appareils. 

Cela peut avoir un impact négatif sur les paramètres de performance des réseaux/équipements cruciaux. En d'autres 

termes, une approche écoénergétique peut introduire un retard supplémentaire, changer le niveau d'utilisation des 

ressources dans le réseau, ou même avoir un impact sur le taux d'échec d'un équipement, entraînant une augmentation 

des coûts d'exploitation du réseau. Cette thèse évalue attentivement, à la fois dans le réseau d'accès mais aussi dans le 

cœur du réseau, le compromis entre les avantages des régimes économes en énergie utilisant le mode veille et leurs 

effets secondaires possibles. 

Dans les réseaux d'accès optiques, mettre un équipement en mode veille et le réactiver peut introduire une 

surcharge d'énergie significative. Les approches d'économie d'énergie déjà proposées réduisent cette surcharge en 

regroupant autant que possible le trafic avant sa transmission. Toutefois, les données d'agrégation peuvent provoquer 

un retard supplémentaire qui peut ne pas être acceptable dans certains cas. Cette thèse étudie le compromis entre les 

économies d'énergie et un retard supplémentaire des paquets dans le cas d'un réseau backhaul LTE basé sur réseau 

optique passif à multiplexage en longueur d'onde (WDM-PON). La thèse propose une nouvelle approche éco 

énergétique. Elle développe un concept au travers duquel il est possible de contrôler avec précision quand un émetteur 

doit se réactiver, afin de maximiser le temps passé en mode veille tout en veillant à ce que les transmissions de 

paquets soient terminées en temps voulu. Le schéma proposé est également capable d’exploiter les (éventuelles) 

exigences diverses de retard de trafic pour améliorer encore les économies d'énergie. 

Dans le cœur des réseaux optiques, on peut diminuer la consommation d'énergie en minimisant le nombre 

d’équipements actifs utilisés pour l’acheminement des circuits optiques et le nombre de liens actifs à fibres optiques. 

Les stratégies de routage basées sur ce principe sont bénéfiques en termes d'économie d'énergie, mais peuvent affecter 

les performances du réseau (par exemple, la probabilité de blocage) en affectant la longueur des circuits optiques et la 

distribution d’occupation des liens. Ce compromis est évalué dans la thèse avec l'aide d’une stratégie de routage et 

affectation de longueur d'onde (RWA) appelée routage des circuits optiques conscient de la puissance (WPA-LR). La 

stratégie WPA-LR permet le réglage fin entre deux objectifs: minimiser la consommation d'énergie et minimiser 

l’utilisation des ressources réseau (i.e. longueur d'onde). Les résultats de l'évaluation confirment que l'efficacité 

énergétique et les performances du réseau ont des objectifs contradictoires. Cependant, la stratégie WPA-LR proposée 

permet la minimisation de l'énergie avec un impact acceptable sur les performances du réseau. 

La thèse étudie également l'impact que les stratégies d’économie d’énergie basées sur le mode veille ont sur la 

durée de vie d'un certain nombre d’équipements de réseau optique, dans les deux réseaux d'accès et de base. 

L'utilisation du mode veille peut en effet modifier les conditions de fonctionnement de l’équipement, ce qui peut 

influer sur la durée de vie de l'appareil. Ceci est un aspect crucial à considérer, car il peut affecter directement le coût 

opérationnel du réseau lié à la gestion des pannes. La thèse propose une méthodologie pour évaluer dans quelles 

conditions et pour quels dispositifs un système économe en énergie peut conduire à des avantages de coûts globaux 

par rapport à une (possible) augmentation des coûts de maintenance. Dans les réseaux d'accès et auprès de clients 

commerciaux, il a été constaté qu’une petite variation de taux d'échec dans les terminaux de ligne optique (OLT) ou 

dans les unités de terminaison de réseau optique (ONUs) peut conduire à des pertes financières importantes qui ne 

peuvent être compensées par les bénéfices provenant des économies d'énergie. Dans les cœurs de réseaux les 

amplificateurs à fibre dopée en erbium (EDFA) sont les équipements les plus vulnérables en termes d'impact sur leur 

durée de vie. Pour cette raison, l'utilisation d'algorithmes de routage écoénergétiques basé sur la mise en mode veille 

des EDFA peut par conséquent n’être pas toujours économiquement avantageuse. 

En conclusion, cette thèse fournit une perspective différente sur des algorithmes économes en énergie basés sur 

l’utilisation du mode veille. Leur bénéfice potentiel en termes d'économie d'énergie est comparé à l'impact d'une 

éventuelle dégradation d’une part de la performance du réseau et d’autre part de la durée de vie des équipements. Ces 

dégradations de performances peuvent être contrôlées et limitées par les algorithmes proposés.  
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Streszczenie 

Zużycie energii elektrycznej w sieciach komunikacyjnych stale rośnie. Do tej pory zostało zaproponowanych wiele 

metod oszczędzania energii na poziomie urządzeń, systemów i sieci. Najbardziej obiecującym podejściem do tego 

problemu jest wykorzystanie technologii optycznych, z uwagi na ich niskie zużycie energii „per bit”. Ponadto wiele 

różnych metod przeznaczonych dla sieci optycznych zostało przedstawionych w literaturze. Jedna z popularnych 

technik wykorzystuje tryb niskiego poboru energii (uśpienia) w urządzeniach, które nie są używane. Jednakże techniki 

wykorzystujące tryb uśpienia mogą mieć wpływ na kierowanie optycznych połączeń sieciowych (lightpaths) lub 

zmieniać właściwości urządzeń. Natomiast to może mieć negatywny wpływ na kluczowe parametry wydajności sieci 

czy urządzeń sieciowych. Innymi słowy algorytmy oszczędzające energię mogą wprowadzić dodatkowe opóźnienia, 

zmienić wykorzystanie zasobów sieciowych, a nawet wpływać na awaryjność urządzeń zwiekszając tym samym koszt 

eksploatacji sieci. Praca ta przedstawia i analizuje kompromis pomiędzy korzyściami płynącymi z energooszczędnych 

algorytmów opartych na trybie uśpienia, a ich ewentualnymi skutkami ubocznymi, zarówno w sieciach dostępowych, 

jak i szkieletowych. 

W przypadku optycznych sieci dostępowych proces wprowadzenia urządzenia w tryb uśpienia i jego wybudzenia 

może spowodować znaczący narzut energetyczny. Proponowane sposoby zmniejszenia tego narzutu agregują ruch 

sieciowy przed jego transmisją, Jednakże taka agregacja powoduje dodatkowe opóźnienia transmisji, które  

w niektórych przypadkach mogą być niedopuszczalne. Praca ta analizuje kompromis pomiędzy oszczędzaniem 

energii, a dodatkowymi opóźnieniami transmisji w przypadku sieci LTE-backhaul, bazowanej na technologii 

pasywnych sieci optycznych, opartych na multipleksowaniu z podziałem długości fali WDM-PON (Wavelength 

Division Multiplexing Passive Optical Network). Niniejsza praca proponuje nowatorską metodę oszczędzania energii, 

opartą na koncepcji drzemki (dozing), która precyzyjnie kontroluje czas wybudzania nadajnika, tak aby 

zmaksymalizować czas spędzony w trybie drzemki, przy zapewnieniu, że transmisja danych zostanie zakończona 

przed upływem wymaganego czasu. Proponowana metoda wykorzystuje również zróżnicowane wymagania 

maksymalnych opóźnień transmitowanych danych do dalszej poprawy wydajności energetycznej. 

Jednym ze sposobów zmniejszania zużycia energii w światłowodowych sieciach szkieletowych jest zredukowanie 

liczby aktywnych urządzeń, poprzez umiejętne kierowanie optycznych połączeń sieciowych przy użyciu już 

aktywnych łączy światłowodowych. Kierowanie ruchu sieciowego oparte na tym pomyśle jest korzystne z punktu 

widzenia oszczędzania energii, choć z drugiej strony może mieć wpływ na parametry wydajnościowe sieci (np. 

zwiększenie prawdopodobieństwa blokady połączeń) poprzez oddziaływanie na długość połączeń, czy zajętość łączy. 

Przytoczony problem jest analizowany w tej pracy za pomocą specjalnie zaprojektowanego algorytmu routingu  

i przypisania długości fali RWA (Routing and Wavelength Assignement), nazwanego WPA-LR (Weighted Power 

Aware Lightpath Routing). Algorytm WPA-LR pozwala na precyzyjną regulację pomiędzy redukcją zużycia energii  

i optymalizacją wykorzystania zasobów sieciowych. Wyniki wykonanej analizy problemu potwierdzają,  

że efektywność energetyczna i wydajność sieci to cele ze sobą sprzeczne. Jednakże proponowana strategia (WPA-LR) 

umożliwia kontrolę i osiągnięcie kompromisu pomiędzy zmniejszeniem zużycia energii, a pogorszeniem wydajności 

sieci. 

Praca ta bada również wpływ energooszczędnych strategii, opartych o tryb uśpienia, na trwałość optycznych 

urządzeń sieciowych, zarówno w sieciach dostępowych, jak i szkieletowych. Używanie trybu uśpienia może zmienić 

warunki pracy urządzenia, które z kolei mogą mieć wpływ na jego trwałość. Natomiast zmniejszenie trwałości 

urządzenia może bezpośrednio oddziaływać na koszt eksploatacji sieci związany z zarządzaniem awariami. Niniejsza 

praca proponuje metodologię oceny, na jakich warunkach i w przypadku których urządzeń, używanie algorytmów 

oszczędzania energii może prowadzić do ogólnych korzyści finansowych lub strat związanych ze wzrostem kosztu 

eksploatacji sieci. W pracy stwierdzono, że w sieciach dostępowych, w szczególności obsługujących klientów 

biznesowych, mały wpływ na awaryjność optycznych terminali ONU (Optical Network Unit) lub optycznych 

urządzeń dystrybucyjnych OLT (Optical Line Terminal) może prowadzić do znacznego zwiększenia kosztów, które 

mogą przekroczyć zyski związane z oszczędzaniem energii. W sieciach szkieletowych wzmacniacze światłowodowe 

EDFA (Erbium Doped Fiber Amplifier) są najbardziej wrażliwymi urządzeniami pod względem wpływu na ich 

awaryjność. W pracy dowiedziono, że użycie energooszczędnych algorytmów kierowania połączeń 

światłowodowych, opartych na wprowadzaniu EDFA w tryb uśpienia, nie zawsze jest korzystne ekonomicznie. 

Niniejsza praca przedstawia nowatorskie spojrzenie na energooszczędne algorytmy oparte na wprowadzaniu 

urządzeń w tryb uśpienia, gdzie potencjalne korzyści w zakresie oszczędzania energii są porównane ze stratami 

związanymi z degradacją wydajności sieci lub żywotności urządzeń sieciowych.   
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Chapter 1  

Introduction 

The energy consumption of the ICT sector is rising very fast mainly as a consequence of a rapidly 

increasing number of devices and the development of new applications, leading to a quickly growing 

network traffic [1]. As a result, energy efficiency became an important research area within ICT. 

Recent studies show that the energy consumption of the ICT sector amounts to 8% of the entire 

energy consumption worldwide [2]. As identified in [1], [3], [4], and [5], three areas in the ICT sector 

consume a significant amount of energy: (i) communication networks, (ii) personal computers, and 

(iii) data centers, all three equally responsible for the ICT energy consumption. It is expected that 

communication networks will experience the highest annual growth rate of energy consumption, i.e., 

in the order of 10% [1]. The seminal work of Gupta and Singh [6] from 2003 was the first paper that 

pointed out the criticality of energy consumption in the widely understood Internet, proposing 

possible energy saving approaches and discussing the main challenges of their adoption. The work of 

Gupta and Singh became the basis for more detailed studies on energy saving and since then many 

ideas were presented in particular for communication networks, e.g., energy-efficient equipment 

design, or green network provisioning and management (see [7] and [8] for more detailed surveys). 

As it turns out, one of the most promising approaches to save energy in communication networks is 

putting idle devices into a state called sleep mode [6] in which a device consumes less energy 

compared to its standard active mode. 

Meanwhile, an important way to reduce energy consumption in communication networks is to 

widely deploy photonic technologies [9]. In fact, optical networks are not only characterized by 

lowest energy consumption per bit of data [10], [11], but they are also capable of providing ultra-high 

bandwidth over long distances. In optical networks a single fiber can simultaneously accommodate 

several optical channels using wavelength division multiplexing (WDM). These channels can be 

carried entirely in the optical layer without the need of high energy demanding optical-electrical-

optical (O/E/O) conversions [12]. They can be amplified using optical amplifiers, (de)multiplexed 

utilizing reconfigurable optical add-drop multiplexers (ROADMs) and switched with help of optical 

cross connects (OXCs). The lack of O/E/O conversion at intermediate node(s) allows for the 



Chapter 1. Introduction 

 

2 

provisioning of optical connections (also referred to as lightpath) that are transparent to the signal 

format, bit rate, and protocol. A network supporting transparent optical connections is hereafter 

referred to as a transparent optical network. 

Depending on the area of coverage optical networks can be divided into core/metro and access 

networks. In core networks the use of optical technologies is already well established. ROADMs and 

OXCs have been made available for network operators (e.g., [13] and [14]) and deployed in the 

networks allowing to establish transparent optical connections. In access networks optical 

technologies are gaining importance as they can help support growing traffic demand, which cannot 

be accommodated by other technologies (e.g., copper cable or microwave) [15]. For example, passive 

optical networks (PONs) gained special attention because they can provide Gigabit or higher access 

connectivity for residential and commercial customers as well as support fronthaul and backhaul 

solutions for 4G/LTE and 5G mobile networks [16], [17]. 

However, the adoption of optical technologies in a network may not always be enough to reduce its 

energy consumption. For this reason energy saving approaches (e.g., based on the sleep mode 

concept) for optical networks should be considered. In this respect many energy-efficient (or green) 

schemes have been proposed with the goal to reduce energy consumption in access and core optical 

networks [18], [19]. 

Aside from improving the energy-efficiency, the introduction of sleep-based energy saving 

approaches can have an adverse impact on the way lightpaths are provisioned in the network or can 

alter the characteristics of some devices and thus influence a number of network performance 

indicators. The following unwanted effects, i.e., side-effects, of energy-efficient schemes can be given 

as examples. A green route for a lightpath may be longer than a standard route (i.e., one that is not 

necessarily the least energy consuming one) causing an increase in the use of network resources. 

Traffic bursting utilized to minimize the non-negligible energy overhead related to switching between 

sleep and operational states may introduce additional delays. The operational temperature of a device 

in sleep mode can affect its failure probability. These last considerations require looking at the 

energy-efficient approaches with a completely new perspective. In other words, it is important to 

investigate the possible negative impacts of green strategies on the network performance (e.g., 

network blocking probability and packet delay) and on the device reliability characteristics (e.g., 

device lifetime). This is something that is usually not considered in the literature.  

This thesis is a step forward towards a better understanding of the possible side-effects of sleep 

mode based energy-efficient approaches proposed for optical networks. It can be used to start a debate 

on whether the benefit provided by the green schemes (i.e., energy saving) can be overcome by their 

drawbacks (i.e., degraded network and device performance). 

1.1 Research questions addressed in the thesis 

As already mentioned in the previous section, although sleep-based schemes provide benefit in terms 

of energy saving, they can negatively impact network and device performance parameters. The 

following research issues are considered in the thesis. 

In transparent optical networks energy-efficient dynamic lightpath routing and wavelength 

assignment (RWA) strategies try to minimize the energy needed to provision incoming lightpath 

connection requests. This is done by selecting an optimal route (i.e., green routing) that maximizes the 

number of network devices kept in sleep mode by utilizing the optical devices that are already in 

operation as much as possible. In this way the energy consumption of the network can be reduced, 

but, on average, the active devices have to carry more traffic and become more loaded compared to 
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the case in which standard RWA approaches (i.e., that do not consider energy consumption at all) are 

used. In such a scenario it is important to understand which network performance parameters are 

affected and to what extent. This calls for an evaluation and possibly for a green RWA algorithm able 

the control these impacts and to fine tune between achievable energy saving and reduced resource 

usage. 

In fiber access networks energy-efficient algorithms can benefit from putting transmitting and 

receiving devices into sleep mode when they are not used to transmit any traffic. Unfortunately, 

waking up and putting transmitters/receivers into sleep mode may introduce a significant time and 

energy overhead. The energy saving approaches already proposed in the literature try to reduce this 

overhead by aggregating the traffic (i.e., artificially create bursts of packets) before their transmission. 

Unfortunately, this operation introduces additional delays [20]-[23]. In the worst case this delay may 

be comparable or even higher than the maximum delay requirements of certain type of services (e.g., 

S1 and X2 interface traffic in LTE backhaul networks [24]). Therefore, it is important to investigate 

how to develop energy-efficient approaches that are effective also in scenarios with stringent 

maximum packet delay requirements, i.e., strategies that allow to control the packet delay 

performance and at the same time offer energy saving. 

Besides the aforementioned possible negative effects on the resource usage and the packet delay, 

there is another important aspect to consider when energy-efficient approaches are used, in both 

access and core networks. The transitions between sleep and working modes cause the change of the 

operational conditions of a device, in particular its operational temperature. It is well known that 

temperature variations can impact the device lifetime, possibly increasing its failure probability. In 

addition, the lifetime of a device does not only depend on its operational temperature, but also on its 

occupancy. Knowing that energy-efficient approaches may impact the device utilization, one can 

deduce that green schemes can indirectly impact the device lifetime. Any direct or indirect impact on 

the device lifetime is critical because it directly affects the network operational cost related to failure 

management. In light of the previous considerations, it becomes critical to evaluate in a holistic way 

whether the possible extra reparation cost introduced by a sleep-based energy-efficient scheme is not 

higher than the possible benefit deriving from the saved energy. Such study must identify the 

scenarios or devices for which this trade-off is the most critical. 

In summary, it is essential to understand the impact of sleep-based energy-efficient schemes on a 

number of performance parameters both at the network (i.e., delay and resource usage) and at the 

device (i.e., lifetime) level. This impact needs to be assessed in detail and compared with the benefit 

related to the energy saving. Only such comparison will allow understanding whether or not energy 

saving approaches bring any advantages for the network operators. 

1.2 Summary of contributions of the thesis 

This PhD thesis is based on a number of technical works that were presented in international 

conferences, and published in scientific journals and a book chapter. The thesis provides a 

comprehensive set of studies aimed at assessing the criticality of a number of side-effects triggered by 

the use of energy-efficient schemes in optical networks. The thesis discusses the trade-off between 

maximizing energy saving and a possible performance degradation at the network and/or at the device 

level in both access and core optical networks.  

The first study presented in the thesis considers fiber access networks, and in particular wavelength 

division multiplexing PONs (WDM-PONs). The reasons why sleep-based energy-efficient approaches 

in access networks can cause an increase of the average packet delay are explained in detail. The 

trade-off between energy saving and delay is analyzed also taking into account the maximum delay 
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requirements of some services provisioned over the access network. An LTE backhaul network is 

identified as a good use case with high bandwidth demand (to justify the use of WDM-PONs) and 

with very strict requirements on the the maximum packet delay (1 ms or 5 ms [25]). Thus, a novel 

energy-efficient scheme for WDM-PONs that can be applied in LTE backhaul networks is introduced 

and evaluated. The proposed approach is able to precisely control the wakeup time of the transmitters 

at the optical network unit (OLT) and at the optical line terminals (ONUs) (i.e., in order to maximize 

the time they spend in sleep mode) while at the same time making sure that packets are transmitted 

within a certain delay threshold. The proposed scheme allows also to leverage on the diverse delay 

requirement of multiple traffic classes in order to increase the time a transmitter can spend in sleep 

mode to further improve the possible energy saving. The thesis evaluates the proposed scheme and 

confirms that energy saving can be achieved while, at the same time, packet delay stays under a given 

limit. 

The second study presented in the thesis looks into transparent optical backbone networks and 

investigates the impact that green lightpath provisioning RWA algorithms have on a number of key 

metrics such as: (i) path length, (ii) fiber link occupancy, and (iii) blocking probability. To evaluate 

in detail the trade-offs between energy saving and network performance, an algorithm called weighted 

power-aware lightpath routing (WPA-LR) is proposed. The WPA-LR algorithm allows for fine tuning 

between the minimization of the energy consumption and the minimization of the resource utilization 

levels in the network. The evaluation presented in the thesis confirms that energy efficiency and 

optimal resource usage are two conflicting objectives. When energy-efficient provisioning is applied, 

the chosen paths are on average longer, the network resource utilization level is increased, and the 

network blocking probability is considerably higher. On the other side, when the energy minimization 

objectives are relaxed, the WPA-LR approach can still provide some energy saving without 

significant impact on the blocking probability. 

The third study presented in the thesis explores the impact of sleep-based energy-efficient schemes 

on the lifetime of the optical equipment (and consequently on the network operational cost) in both 

core and access network scenarios. Several physical phenomena affecting the device lifetime are 

presented and studied within the context of putting devices into sleep mode. A methodology able to 

assess whether the introduction of energy saving scheme leads to an overall cost benefit or loss for the 

network operators is then proposed. It is found that in PONs in presence of business customers a small 

lifetime decrease of an ONU or of an OLT can easily lead to operational cost increase that is higher 

than the profit achieved by saving energy. In optical core networks erbium doped fiber amplifiers 

(EDFAs) are found to be the most critical (from an operational cost point of view) when their lifetime 

is reduced. In fact, the results of the performance evaluation work shows that putting EDFAs 

frequently into sleep mode can cause a significant increase in their reparation cost, and that this extra 

expense can be much higher than the saving coming from a reduced electricity bill. It can be 

concluded that the use of green routing algorithms based on putting EDFAs into sleep mode may not 

always be appropriate for operators. 

1.3 Thesis organization 

The work included in the thesis addresses a broad set of aspects related to the impact of energy-

efficient approaches proposed for fiber access and optical core networks. The thesis is organized as 

follows.  

 Chapter 2 presents some background concepts related to optical networks (both access and core) 

and their energy consumption. Finally it provides an overview of the energy saving approaches 

already available in the literature. 
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 Chapter 3 discusses the methodology used for the evaluation of the proposed green algorithms 

and describes the terms and concepts commonly used in the thesis. 

 Chapters 4, 5, and 6 present the actual contribution of the thesis. More specifically, Chapter 4 

focuses on the impact that energy-efficient schemes have on the packet delay performance in 

fiber access networks. It explains in detail the phenomena causing this problem and discusses the 

specific related works. Finally, it presents an algorithm able to achieve energy saving while 

making sure that the packet delay performance is within a given limit. 

 Chapter 5 focuses on transparent optical core networks and presents a study on the trade-off 

between energy efficiency and network resource usage levels. To this end it presesnts a new 

green RWA algorithm able to fine tune between maximizing the energy saving and 

minimizing the ressource usage. 

 Chapter 6 discusses the impact that energy-efficient schemes might have on the device reliability 

performance. The conditions causing change of the reliability performance of a device are 

discussed and a methodology for calculating the impact of this change on the network operational 

cost is presented. The most susceptible devices to the possible impacts on reliability performance 

are reported (e.g., EDFA). The impact of the approach that benefits from putting these devices 

into sleep mode (i.e., WPA-LR) on reliability performance is evaluated. 

 Chapter 7 presents concluding remarks and describes some possible future topics related to the 

work presented in the thesis.  

 Finally, Chapter 8 presents a brief summary of each paper together with the detailed information 

on the author’s contribution in each article. 
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Chapter 2  

Background and related work 

This chapter first discusses the problem of energy consumption in communication networks together 

with a general categorization of the possible approaches that can be used to save power. Then, an 

introduction on optical networks is presented including some details on the basic concepts of 

architectures and components for fiber access and transparent optical core networks. Finally, several 

energy-efficient approaches presented in the literature and specifically designed for optical networks 

are discussed. 

Communication networks can be divided in three major domains: access networks that enable end 

users to connect with the rest of the communication infrastructure, metro networks that span over a 

metropolitan area covering distances up to few hundred kilometers (e.g., a city or several closely 

located cities), and backbone networks (also referred to as core networks) that carry traffic over 

hundreds/thousands of kilometers (e.g. within or among countries) [12]. Access networks provide the 

last mile connection to the user premises often in the form of point to point or point to multipoint 

links. Metro and backbone networks, on the other hand, are frequently deployed in a ring or in a mesh 

topology allowing to provide several route options for the traffic from a source to a destination node 

[12]. The connectivity type (i.e., point to point vs. mesh) has a significant impact on the applicable 

schemes that can be used to save energy.  

2.1 Energy efficiency in communication networks 

Communication networks are responsible for one third of the total ICT energy consumption. In 

addition to this, their energy consumption is expected to show an annual growth of 10% [1] in the 

next years. Approximately 70% of the energy consumption of communication networks takes place in 

the access segment [26], mostly because of the large number of the deployed devices. The remaining 

30% is due to the metro and core segments of the network, but this number is expected to drastically 

increase in the years to come [27]. In addition to the aforementioned statistics, the energy prices are 
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rising [28] driving the portion of the network operational cost related to the energy consumption to 

increase even more. 

Therefore, it becomes very important for network operators to reduce the energy consumption of 

their communication networks. The work in [6] proposed some energy-efficient schemes (e.g., based 

on sleep mode) and discussed their main implementation challenges and expected benefits (e.g., when 

to enter into sleep mode or how to route traffic when links are put into sleep mode). Since [6] many 

works on energy-efficiency in communication networks were proposed and several surveys with 

various coverage and levels of detail have been published [7], [8], [27], [29], and [30]. The works 

listed in [8], [27], and [29] cover solutions for core, access and metro networks, while the works 

described in [29] and [30] focus on access networks. The survey in [7], in addition to the topics 

discussed also in aforementioned works, presents a number of works addressing the aspect of energy 

awareness in problems related to topology optimization, waveband grooming, and effects on network 

reconfiguration cost. The energy-efficient approaches discussed in the surveys can be classified into 

the following two main groups: 

(1) Green approaches at the device level: their aim is to design low power consuming network 

equipment and to study hardware options able to decrease the energy consumption of a given 

device (e.g., rate adaptation capabilities and/or sleep mode functionality). 

(2) Green approaches addressing problems at the network level: in case of static traffic their aim is 

to identify network dimensioning and deployment strategies able to guarantee low energy 

consumption for newly deployed (i.e., greenfield) or upgraded (i.e., brownfield) networks. In 

case of dynamic traffic provisioning the aim of these approaches is to propose dynamic routing 

strategies that lower the network energy consumption leveraging as much as possible on the 

green features available at the system level, i.e., find routes that maximize the number of 

devices that can be put to sleep mode, and/or the allow the traffic to be steered over links with 

rate adaptation capabilities.  

The studies mentioned above, including the seminal work of [6], came to the conclusion that a 

significant amount of energy can be saved by either switching unused devices off or putting them into 

a low energy consuming mode referred to as idle or sleep state. 

The progress in the electronic technologies permits to expect that each new generation of network 

devices (e.g., routers) will be more energy-efficient [7] than the previous one. However, some 

researchers predict that the developments in complementary metal-oxide-semiconductor (CMOS) 

technology, used in the majority of the electronic devices, may reach its limits in the near future [31]. 

As a result it will become more and more challenging to further improve the energy efficiency of 

semiconductors. Therefore, the importance of other energy-efficient options, such as devices based on 

optical technologies, will continue to grow. The next sections focus on optical networks, their main 

characteristics, and their energy benefit. 

2.2 Optical networks 

Optical network is a wide term used to represent a system that transmits data using photons over the 

fiber. One fiber can carry several optical signals (possibly modulated with different techniques) over 

very long distances. An optical amplifier (e.g., erbium doped fiber amplifier (EDFA), semiconductor 

optical amplifier (SOA) or Raman amplifier) can simultaneously amplify multiple optical signals 

transported on the same fiber without the need of optical-electrical-optical (O/E/O) conversion. 

Optical transmission provides a number of benefits, such as huge bandwidth, low signal attenuation, 

immunity to electromagnetic interference, and low energy consumption, just to name a few.  
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In addition to the above benefits, optical signals can also be handled directly in the optical domain. 

They can be passively split or combined without the need of electronic processing. Moreover, they 

can be demultiplexed thanks to light refraction phenomena using e.g., arrayed waveguide grating 

(AWG). An optical signal can also be switched in the optical domain, e.g., by microelectromechanical 

systems of mirrors (MEMS). In this way signals can be transmitted transparently between source and 

destination nodes without O/E/O conversion.  

The use of optical technologies can significantly reduce the network energy consumption compared 

to the case in which switching is done in the electronic domain [9], as the need of energy demanding 

O/E/O conversions required to switch data in the electronic layer can be minimized or even removed. 

Moreover, in the fiber access network, passive optical networks (PONs) eliminate the need for active 

devices between the central office (CO) and the customer premises [32]. Of course, the energy 

efficiency of optical networks can be further improved by the introduction of energy saving 

mechanisms. For example, this can be accomplished by leveraging on the sleep mode functionality of 

unused optical devices in access and core networks. In the latter case one possibility is to put into 

sleep mode the optical equipment at the customer premises or at the CO when there is no traffic to be 

carried. In optical core networks, on the other hand, in addition to the possibility to put unused optical 

devices into sleep mode, the network energy consumption can be further reduced by choosing routes 

at minimum energy cost (e.g., the ones that use as much as possible low power equipment and/or 

allow to put as many devices as possible to sleep). The next sections focus on the technological details 

of fiber access and optical core networks, their topologies, devices used, and available energy saving 

approaches. 

2.2.1 Fiber access networks 

An access network is responsible for the connectivity between the users (in particular their Internet 

enabled devices) and the core network. There exist several possible technologies that can be used to 

provide connectivity in this segment. They are often classified according to the type of the medium 

they use, e.g., wireless, copper cables, or optical fiber. Fiber access networks use optical signals over 

fiber for data transmission. 

Optical technologies provide very high capacity, long reach, and high reliability in comparison to 

other access technologies based on e.g., twisted pair cables (e.g., xDSL), coaxial cables, or microwave 

links [15]. For these reasons fiber access networks are used not only to provide broadband 

connectivity to residential users, but also to the commercial customers. In addition, fiber access 

networks are a very good choice for fronthaul and backhaul in mobile networks [33]. As the traffic in 

mobile networks rises very rapidly, the requirements put on both fronthaul and backhaul networks in 

terms of required capacity increases and fiber access technologies are becoming the only transport 

choice for the mobile operators. 

Several different architectures for fiber access networks has been proposed and evaluated. They 

differ in terms of e.g., topology, medium access technology, and range. A typical fiber access network 

consists of an optical line terminal (OLT) located at the CO that is connected using fiber(s) to one or 

more optical network units (ONUs) located at the end user premises or close to them. In addition to 

OLT and ONUs, a typical fiber access network architecture can comprise intermediate devices such as 

splitters/combiners, AWGs, Ethernet switches, or even optical amplifiers. These devices are often 

located in the field between the CO and the customer premises, in what is normally referred to as the 

remote node (RN). The signals from an OLT to the ONUs are distributed by either using active 

switches (e.g., with an Ethernet switch) or by using passive optical splitting devices (e.g., power 

splitters or wavelength splitters). Optical amplifiers, such as EDFAs, can be also installed at RN to 
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extend the reach of optical signals, in particular in scenarios where the distance between OLT and 

ONUs is long. The fiber access network architectures can be categorized in several ways. It can be 

based on the type of devices located in between CO and customer premises. The choice is between 

passive (i.e., passive splitters/combiners, AWG) or active (e.g., Ethernet switch) devices. When 

passive devices are used, the network is called passive optical network (PON), otherwise it is named 

active optical network (AON). Fiber access networks can be further categorized based on how the 

OLT is connected to the ONUs. The main distinction is between point to point (PtP) and point to 

multipoint (PtM) connections. A PtP access describes a scenario where a fiber (or a wavelength) is 

used to provide a dedicated connection between an ONU and the OLT. A PtM access describes a 

scenario where the signal coming from the OLT is distributed to all ONUs (e.g., when a power splitter 

is used at the RN) and multiplexing techniques such as time division multiplexing (TDM) is used to 

differentiate the traffic addressed to different ONUs. Another way to classify fiber access networks is 

based on the location of the fiber termination point. The term used to describe this concept is fiber to 

the x (FTTx) where x defines the location of the ONU. Normally used terms that can be found in the 

literature are: fiber to the home (FTTH), to the building (FTTB), to the curb (FTTC), and to the 

cabinet (FTTCab) [12]. Finally fiber access networks can also be classified based on the topologies 

they use: bus, ring, star or tree. The most common topologies are tree and stars [12]. 

The simplest architecture of fiber access networks that can be considered, also known as home run 

[12], offers a PtP access where each subscriber is provided with a dedicated fiber to connect to the CO 

(Figure 1). This approach may be quite expensive since it requires a significant number of fibers and 

optical interfaces to be deployed at the CO. 

 

Figure 1. Point to point active optical network architecture (home run). 

In order to reduce the number of fibers, an active device (e.g. Ethernet switch) can be deployed at the 

RN. This solution is frequently referred to as active star [12] (Figure 2). In this architecture only one 

fiber link between the CO and the RN is needed, while each customer is connected to the RN with a 

dedicated fiber. The required amount of fiber is reduced but still a considerable number of interfaces 

is required to support all customers, and a power supply must be provided at the RN to feed the active 

device. In addition a dedicated management system might be needed in order to assure a fair 

bandwidth distribution to all customers on the link between the RN and the CO. As the optical signal 

is terminated at the RN the active star architecture is not optically transparent. 

 

Figure 2. Active optical network architecture (active star). 

Central Office

Central Office Switch
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Replacing the active device at the RN with a passive one (e.g., power splitter or AWG) to distribute 

the optical signal from OLT to the ONUs can eliminate the need of power supply and active 

management at the RN. Such approach is referred to as passive optical network (PON) [12], [34] 

(Figure 3).  

 

Figure 3. Passive optical network (PON) architecture. 

Passive optical networks 

Passive optical networks (PONs) utilize passive distribution devices in between CO and customer 

premises. Such design simplifies the network management and reduces the energy consumption. 

Furthermore, PONs are more reliable than an active network solution because passive devices have a 

longer lifetime compared to active ones [35]. For all these reasons PONs became a very attractive 

solution for network operators. Over the last years several architectures and standards have been 

proposed, a number of devices manufactured, and numerous real life implementations made. PONs 

can be divided in several categories based on the end-to-end transmission and multiple access 

techniques used for sharing the fiber. The most known types of PONs are the time division 

multiplexing PONs (TDM-PONs) and the wavelength division multiplexing PONs (WDM-PONs) 

[34]. 

Time division multiplexing PONs 

The TDM-PON is the first type of PONs that has been widely deployed, with several standards 

introduced [36]-[41]. The first implementations of TDM-PONs used asynchronous transfer mode 

(ATM) as the medium access protocol (MAC) to carry the traffic over the fiber [36]. Soon after, 

gigabit capable PONs (GPONs) [37] and Ethernet PONs (EPONs) [38] were standardized and gained 

wide popularity in North America, partially in Europe, and in the Asia-Pacific region. Currently, the 

10 Gbps capable PONs (XGPONs) [39], 10 Gbps Ethernet PONs (10G-EPONs) [40] and next 

generation PONs (e.g., NG-PON2) [41] technologies offering bandwidth in the order of tens of 

gigabit per second (e.g., 40 Gbps) are available. 

A TDM-PON uses time division multiplexing to share the available capacity among several ONUs. 

In the downstream direction, the packets from the OLT are broadcasted to all ONUs using a power 

splitter located at the RN. It is then up to the ONU to select its own traffic and discard the rest. The 

OLT manages the transmission in the downstream direction to assure the required bandwidth for each 

ONU. Figure 4a shows how packets (p1, p2 and p3) are transmitted to different ONUs using a splitter 

in a downlink direction while Figure 4b shows transmission in uplink direction. In the uplink direction 

each ONU transmits the data to the OLT in predefined time slots to avoid traffic conflicts. The uplink 

direction requires a scheduling protocol to allow the ONUs to transmit with required bandwidth, 

without colliding with each other. The uplink scheduling is managed by the OLT using protocols such 

as dynamic bandwidth allocation (DBA) [42] that allow flexible bandwidth sharing among multiple 

ONUs. Typically the downlink and uplink transmission take place using different wavelength 

requiring only one fiber to be deployed to each ONU.  

Central Office
Passive optical 
splitter/AWG
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(a) (b) 

Figure 4. TDM-PON in downlink (a), and in uplink (b) direction. 

The fact that the ONUs can share wavelengths on the uplink, downlink, or both directions is the major 

advantage of TDM-PONs. The design of the ONU is simplified and identical hardware can be used by 

all customers, with obvious benefit in terms of manufacturing cost. In addition to that, only one OLT 

receiver is needed at CO location to support many customers. 

Despite all their advantages TDM-PONs have also some drawbacks related to their design. Since the 

downlink signal is split among many ONUs, it becomes highly attenuated. Thus, the number of users 

served by one OLT is limited (i.e., usually to 64 ONUs [12]). In addition to that, in scenarios with a 

high number of users the maximum distance between OLT and ONUs is limited in order to guarantee 

a required level of signal quality at the receiver (e.g. 10 Gbit Ethernet PON can only support 1:32 split 

ratio at 20km or 1:64 ratio at 10km [43]). Furthermore, TDM-PONs does not offer by default high 

level of security since each ONU may be able to listen to the traffic dedicated to all other ONUs [44].  

Transmission in the uplink direction is not immediate since each ONU needs to wait for its 

scheduled window before starting sending packets to the OLT. This introduces additional delay that 

must remain lower than the maximum delay constraint of a given service. The requirements for 

multimedia applications (e.g., audio/video applications [25]) are higher than the delays introduced by 

TDM-PONs. However, there exist applications such as the control traffic in LTE backhaul network 

(e.g., S1 or X2 interfaces) for which maximum packet delay requirements are very stringent [24], 

[25]. In such cases, the time multiplexing mechanism of TDM-PONs may introduce delays that are 

comparable or even higher than allowable ones, thus solutions different from TDM-PONs, e.g., 

WDM-PONs can be considered. 

Wavelength division multiplexing PONs 

The WDM-PONs can alleviate the security, reach, delay and attenuation problems typical for TDM-

PONs mentioned in the previous section [34]. In a WDM-PON each ONU is assigned one (or more) 

dedicated wavelengths for combined (or separate) uplink and downlink transmission (Figure 5). This 

is possible thanks to an optical wavelength multiplexer/demultiplexer e.g., an AWG, placed at the RN. 

In such a way a WDM-PON offers PtP wavelength connectivity between the CO and the customer 

premises. 
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(a) (b) 

Figure 5. WDM-PON in downlink (a), and in uplink (b) direction. 

Since each ONU operates on a dedicated wavelength, a WDM-PON can support ONUs working at 

different bit rates without the need of complex bandwidth allocation protocol. The use of dedicated 

wavelength resolves also the privacy and security issues which are present in TDM-PONs. In addition 

WDM-PONs does not suffer the same signal attenuation problems caused by the power splitter in 

TDM-PONs. 

All the above advantages come at the cost of a higher number of transceivers needed at the OLT, 

i.e., one per wavelength as opposed to one transceiver per several ONUs as it is the case in TDM-

PONs. That has also obvious impact on the energy consumption of WDM-PONs which is higher than 

in TDM-PONs. Fortunately, the WDM-PON architecture allows usage of the same transceivers at the 

OLT and at ONU side permitting the same energy saving strategy to be applied on both sides. 

A WDM-PON architecture is limited in the number of available wavelength channels. Depending on 

this number one can classify WDM-PONs into several categories. A coarse wavelength division 

multiplexing PON (CWDM-PON) typically carries 18 different wavelength channels, a dense 

wavelength division multiplexing PON (DWDM-PON) supports 32-60 wavelengths, and an ultra-

dense wavelength division multiplexing PON (UDWDM-PON) uses more than 120 narrow optical 

channels [45], while theoretically the optical spectrum can be divided into up to 1000 narrow channels 

[12]. 

The per-channel bandwidth provided by a WDM-PONs can be easily upgraded by just replacing an 

old transceiver with a new one. However the complexity and manufacturing cost of transceivers able 

to flexibly tune to the required wavelength is high. That is one of the reasons why WDM-PONs are 

not widely adopted on the global market yet. 

Other PON architectures 

In addition to TDM-PONs and WDM-PONs there are also other PON architectures already proposed 

or under study. One example is the combination of TDM-PONs and WDM-PONs, frequently referred 

to as hybrid TDM/WDM-PONs or TWDM-PONs [46]. This architecture combines the advantages of 

time division multiplexing (i.e., flexible allocation of bandwidth) together with the benefits of 

spectrum division multiplexing (i.e., high capacity dedicated channel for each user). TWDM-PONs 

are considered to be good candidates to achieve a very high client count while at the same time 

providing very high capacities to users. In fact these architectures have been included in the NG-

PON2 standard [41]. 

Other possible options to multiplex the signal from the OLT to the ONU include: optical code 

division multiplexing (OCDM) [47], [48], and orthogonal frequency division multiplexing (OFDM) 

[49]. Despite their several advantages in terms of spectrum efficiency and data confidentiality, 
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OCDM-PONs and OFDM-PONs are still far from being massively deployed mostly due to high 

complexity required at the transceivers.  

Table 1 summarizes the advantages and drawbacks of fiber access architectures presented so far. 

Table 1. Summary of fiber access network technologies. 

Architecture   Advantages Drawbacks 

Home Run  Transparency to modulation signal and bitrate 

 Bandwidth guarantee per user 

 High number of fibers 

 High number of transceivers 

 High power consumption at CO 

 High requirements on rack and floor space at CO 

Active Star  Mature technology 

 Local traffic can be handled locally 

 Cheap and easily available technologies 

(Ethernet) 

 Power availability requirement at RN 

 No optical transparency 

 Bandwidth assignment for each user requires 

device management at RN 

TDM-PON  Mature technology 

 Cheap and easily available components 

 Additional security solutions required 

 Short range in high user scenarios 

 TDM related delays in transmission 

WDM-PON  Bandwidth guarantee per user 

 Security by design 

 Transparency to modulation signal and bitrate 

 High number of transceivers 

 High power consumption at CO 

 High requirements on rack and floor space at CO 

 High complexity and cost of transceivers  

TWDM-PON  Gradual migration from commercial solutions  High complexity and cost of transceivers 

 Energy inefficiency 

OCDM/OFDM-PON  Extended capacity  Transceiver high complexity and cost  

 

Energy saving in PONs 

The energy consumption of access networks is significant. Even if, on average access network 

equipment consumes much less energy when compared to core network equipment (e.g., the power 

consumption of a customer premises equipment (CPE) is in range of several watts [18], while a 

typical core network device (e.g., router) can consume several kilowatts (e.g., Cisco CRS1 network 

consumption >10kW) [7]), the number of access network devices is several orders of magnitude 

higher than the number of core network devices. This results in higher total energy consumption in 

access networks than in core networks. In addition, the access equipment is currently not used 

efficiently (i.e., the average utilization of access network devices is lower than 15% [26]) calling for 

energy saving mechanisms to be implemented.  

Even if using passive optical networks can significantly reduce the energy consumption in access 

networks, there is still room for improvements. Several approaches are presented to save energy in 

PONs [50]. For example, introduction of sleep modes [51], implementing hardware improvements, 

e.g., efficient cooling techniques [50], optimizing data transfers across integrated circuits [50], and 

energy-efficient hardware design [52] are all viable options to reduce the energy consumption in the 

access segment. Then, virtualization of ONU common functionalities, e.g., routing table, network 

address translation (NAT), firewalling, dynamic host configuration protocol (DHCP) server, at the 

operator’s side allows the simplification of the ONU, thus reducing its energy consumption. 

Ultimately all functionalities of CPE at the customer premises can be moved to the virtual home 

gateway at the operator’s location, leaving the CPE to be a simple media converter [53]. This 

approach is also called transparent CPE, however it does not have the same meaning of optical signal 

transparency used in optical core networks. Bit interleaving [54] is also another interesting approach 

that allows for reduction of the need of high-speed electronics at the ONU side and consequently 



2.2. Optical networks 

 

15 

reducing its energy consumption. The work in [19] debates where, when, and to what extent the 

energy consumption can be reduced in TDM-PONs. It also discusses in detail the physical and data 

link layer solutions proposed by standardization bodies, industry, and academia. It also presents the 

actual energy consumption values of a number of access devices when different energy saving 

approaches are used.  

Part of the work in the thesis focuses on improving the performance of sleep-based energy-efficient 

schemes. 

2.2.2 Optical core networks 

Optical core networks evolved considerably over the last decades. The first generation of optical 

networks benefited mainly from the long range properties of optical transmission, whereas copper 

wires were replaced by the optical fibers. Still, the switching and other network functionalities (e.g., 

buffering, scheduling, multiplexing) were handled by electronics. Technologies like plesiochronous 

digital hierarchy (PDH), synchronous digital hierarchy (SDH) and synchronous optical networks 

(SONET) [55] became widely spread over the world (e.g., SDH in Europe and SONET in Americas). 

Some networks still operate with SDH or SONET and are capable to provide link capacities of 

40 Gbps [56] or higher.  

The optical link capacity increases constantly as a result of optical transmitters offering high bit 

rates and thanks to the possibility of simultaneous transmission several optical channels over a single 

fiber (i.e., WDM). As a result, a single fiber can carry hundreds of terabits per second. In the presence 

of a very large amount of data transmitted at very high speed, which is the likely scenario enabled by 

fiber optic communication, terminating the optical signal and performing electronic processing at each 

node might become a bottleneck. Fortunately, an optical signal can be switched in optical domain 

(i.e., without O/E/O conversion) using optical cross connects (e.g., [14]). Therefore, circuit switching 

can be applied in optical networks where a transparent optical end to end connection (referred to as 

lightpath) can be set up and routed completely in the optical domain.  

However, the possibility of delivering lightpaths in the network poses extra challenges to the 

lightpath connection provisioning process. In transparent optical networks a lightpath uses the same 

wavelength from the source to the destination node, which is referred to as a wavelength continuity 

constraint (WCC). There are some solutions to perform wavelength conversion all optically but their 

cost is still relatively high preventing their wide usage in operational networks [57].  

The problem of finding for each lightpath a route and a wavelength on which it will be transmitted 

from the source to the destination is referred to as the routing and wavelength assignment (RWA) 

problem [12]. Different approaches to solve RWA problem have been proposed in the literature. In 

the most general terms they can be categorized depending on the type of provisioning problem that 

they solve, i.e., static versus dynamic.  

A static RWA approach is used in scenarios where the set of lightpath requests is known in advance, 

and the network configuration assuring connectivity for all requests needs to be found. This case is 

also referred to as the offline RWA problem, and it often appears in the network planning stage. An 

offline RWA problem can be solved optimally by formulating it as Integer Linear Program (ILP) and 

using an ILP solver [58] to compute the final network dimensioning result. However, the RWA 

problem is NP-complete, so the ILP approach may be very complex and is only applicable to small 

network instances. To address larger problems, heuristic approaches [59] need to be developed. 

A dynamic RWA is used in scenarios where lightpaths are provisioned at different points in time 

without any previous knowledge of their arrival time, stay in the network according to their holding 
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times, and are terminated releasing the network resources. Each request can be set up in an optimized 

way where the objective function can consider e.g., minimum amount of wavelength resources used at 

the arrival based on the current status of the network resources. Meanwhile, the already established 

connections are not modified. The dynamic RWA is also referred to as online RWA problem, and is 

normally used when the network is in operation. In an online scenario the RWA problem is solved on 

a per-connection-request basis, thus the setup time is essential. For this reason, solutions based on ILP 

formulations might not be viable, and heuristic approaches are preferable. It may also happen that 

after a certain time the global configuration of the network is not optimal anymore. In such a case a 

reconfiguration of the network resources may be beneficial. The next section presents and overview of 

the strategies that can be used to solve the RWA problem.  

Routing and wavelength assignment (RWA) 

The solutions proposed in the literature to solve the RWA problem can be categorized in two groups 

R+WA and R&WA. 

R+WA 

The first one refers to those strategies where RWA is split in two sub problems (i.e., routing + 

wavelength assignment, R+WA) that are then addressed sequentially. The routing step is solved to 

find an appropriate path in the optical layer for a candidate lightpath request, and then the wavelength 

assignment step looks for an available wavelength for the path found as a solution of the routing sub 

problem.  

The first step of the R+WA problem, i.e., routing, can be solved by relying on paths that are 

precomputed using fixed routing (FR) or fixed alternate routing (FAR) for each source destination 

pair in the network or, alternatively, on paths that are computed on the spot using adaptive routing 

(AR) approach [60].  

In FR, when a lightpath needs to be set up between a given node pair, the precomputed candidate 

path is checked for an available wavelength in the wavelength assignment step. If the lightpath cannot 

be accommodated the connection request is blocked. In FAR the first candidate route is checked for 

available wavelength(s) and if no wavelength is available along the route, the second route is checked, 

and so on. If, after checking all precomputed paths, the lightpath cannot be accommodated, the 

connection request is blocked. In FR and FAR the path precomputation improves the execution speed 

of the routing strategy. The trade-off here is with the blocking probability performance. The lower the 

number of path options, the faster is the strategy. On the other hand, having only a limited number of 

candidate paths for a given source-destination (s-d) pair may result in a higher risk of blocking a 

connection request. Path precomputation can be done using the Dijkstra algorithm [61] with the 

objective to minimize the total path distances or hop count or the k-shortest path algorithm (e.g., 

Yen’s algorithm [62]).  

With AR, path computation starts at the instant the lightpath connection request is received and it is 

done considering the current state (i.e., usage) of the network resources. For this reason an AR routing 

approach is likely to achieve lower connection blocking performance when compared to FR and FAR. 

On the other hand more computational resources are required as the path computation process is 

executed for every connection request. Path computation can be done, for example, using the shortest 

path algorithm. It is also possible to have AR strategies that consider more complex aspects like load 

balancing (e.g., least congested path routing (LCP) [63], weighted least-congestion routing (WLCR) 

[64], least loaded path (LLP), and weighted shortest path (WSP) [65]), or the operational status of 

fiber links (i.e., on/off/sleep in order to have energy efficiency routing algorithms). An AR approach 
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can also be combined with the k-shortest path algorithm in order to have a larger path set to be 

considered in the wavelength assignment phase. 

In the second step of the R+WA approach, i.e., wavelength assignment, an appropriate wavelength is 

chosen for the selected route. It may happen that there exists more than one wavelength option. In 

such a case several wavelength assignment heuristics are available [12] (e.g., First Fit, Last Fit, 

Random Fit, Most Used, Least Used). Some of these heuristics (i.e., First Fit and Last Fit) are based 

on the enumeration of the wavelength channels on each link in the network. First Fit (FF) choses the 

available wavelength with the lowest index, while the Last Fit (LF) heuristics chooses the available 

wavelength with the highest index. Random Fit (RF) randomly chooses a wavelength within the set of 

all wavelengths that can be used. The Most Used (MU) and Least Used (LU) heuristics choose the 

available wavelength that is used on the largest and lowest number of fiber links in the network, 

respectively. The choice of the heuristics has also an impact on spectrum usage in the network [12]. 

R&WA 

The second group of RWA approaches, referred later on as R&WA, solve the routing and wavelength 

assignment problems concurrently. An example of an R&WA strategy is the wavelength plane 

approach [60]. In this strategy the connectivity offered by a network is represented with the help of 

several, separate wavelength graphs. Each graph represents one wavelength in the network. If a 

particular wavelength on a fiber link is not available (i.e., it is already used by an existing connection), 

it does not appear on that specific wavelength graph. If on a given wavelength graph it is not possible 

to find a path connecting a node pair, that particular wavelength cannot be used to route a lightpath 

between them. Following this intuition, the routing for an incoming connection request is computed 

for all wavelength graphs, and the best path among the ones found is then chosen based on the given 

objective function (e.g., minimum distance, minimum energy). If there are multiple paths with the 

same characteristics then approaches like FF, LF, RF, MU, and LU can be used. If no paths can be 

found on any wavelength graph, it means that the connection cannot be provisioned and will be 

blocked. 

The wavelength plane approach assures that a lightpath will be provisioned if a route with a free 

wavelength exists within the network, while R+WA based on the k-shortest path approach might not 

provide such assurance. On the other hand R&WA approaches have a drawback in terms of long 

execution times when compared to the R+WA solutions. This is mostly due to the need to search for a 

route on every wavelength graph in the network (where in currently deployed WDM networks this 

number can be in the order of 80 or more [14]).  

Finally, the RWA problem can consider other objectives than finding the route with the shortest 

distance between a node pair. For example, the cost function can be defined in terms of connection 

quality (e.g., level of optical impairments), vulnerability to malicious attacks, or energy consumption. 

The work in [66] discusses an RWA problem from the perspective of optical impairments and 

proposes an approach that searches for the routes with the lowest level of optical impairments that is 

acceptable for a given connection request. The works in [67] and [68] consider the security aspects of 

lightpaths, in particular the possibility of physical layer attacks within the optical core networks, and 

propose routing and wavelength assignment scheme that minimize the possible impact deriving from 

physical layer attacks. A RWA strategy can also consider optimal routes from the perspective of 

energy consumption. A number of works in this direction are listed in the next section. 
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Energy-efficient RWA 

Many green traffic engineering schemes for optical core networks have been proposed in recent years 

[69]-[75]. These approaches perform routing to maximize the number of devices that can be put into 

sleep mode. Their performance is evaluated in static [69]-[71] and dynamic [72]-[75] traffic scenarios.  

The first work on power aware RWA with static traffic introduces two heuristics to perform routing 

and wavelength assignment [69]. The heuristics used for routing (Most-Used Path, Ordered-Lightpath 

Most-Used Path) save energy by forcing the lightpaths to share links, while heuristics used for 

wavelength assignment is FF for multi-fiber links (Two-Phased First Fit). This work was extended in 

[75] where the proposed routing algorithm (Load-Based Cost) takes under consideration also link load 

information. Two additional wavelength assignment schemes for multi-fiber links (Least-Cost 

Wavelength and Least-Additional-Power First Fit) were also proposed. The work in [70] tackles 

energy efficiency in the case where connections are offered with dedicated (1:1) protection and the 

protection devices can be put into sleep mode. The work in [71] also benefits from the idea of putting 

protection resources into sleep mode, but investigates the case where connections are offered with 

shared path protection.  

The first work on energy-efficient traffic management in dynamic scenarios that benefits from the 

idea of putting devices into sleep mode is [73]. This work proposes a cluster based solution able to 

minimize the energy consumption in optical networks. The network topology is partitioned in disjoint 

clusters where the nodes within each cluster can adopt sleep mode. The work in [72] proposes an 

extension to the GMPLS messaging to allow advertising the information about links in sleep mode. 

This extension allows for correct connection provisioning (excluding the links in sleep mode) and also 

smooth rerouting of existing connection to more energy-efficient ones. The work in [74] presents an 

energy-efficient provisioning approach for connections with dedicated path protection that benefits 

from putting the protection devices in sleep mode.  

However, while the above-mentioned works on green routing primarily focus on the achievable 

energy saving, little attention is given to the possible side-effects that those approaches may cause on 

other network performance metrics. 
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Chapter 3  

Evaluation methodology and most used terminology 

This section gives a brief description of the evaluation methods used to assess the algorithms and 

ideas proposed in the thesis. It also presents and explains a number of basic concepts related to energy 

consumption and reliability performance that are frequently used in the thesis. 

3.1 Evaluation methods 

The evaluation of the algorithms proposed and discussed in the thesis could be performed using 

several methods. One method is to deploy energy-efficient device(s) and green algorithms on a real 

network setting (or on a testbed). Once they are in place the necessary measurements on the device 

and network performance can be made and conclusions on the effectiveness of the proposed solutions 

can be drawn. Unfortunately, such experimental methods are very costly and extremely time 

consuming. Some experiments may be even not possible as certain component features may not yet be 

available such as sleep mode option for a number of devices. Another method is to simulate the 

network where a replica closely representing the functionalities of evaluated network is represented in 

form of software and then evaluate the performance of the simulated energy-efficient device(s) and/or 

energy saving schemes. Such approach is relatively time and cost effective. However, the size of the 

simulated system/network may be limited by the computational capacity of the simulation 

environment. Another option for evaluating the performance of an algorithm is to use analytical 

modeling to represent the system under exam and its behavior. Although this approach can be very 

useful to describe a behavior of a device or to asses a simple communication system (e.g., link, small 

network), it becomes challenging to model the behavior of large systems (e.g., networks). Therefore, 

performance assessment via simulation can be considered a reasonable choice that allows for cost 

effective evaluation (comparing to experimental evaluation) of the proposed green algorithms before 

they can actually be considered for deployment in a real network setting. In addition, a simulative 

approach allows for a relatively fast assessment of how the performance of a given strategy may 
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depend on a number of inputs such as network topology, device characteristics, and traffic conditions. 

Among the various options, discrete event simulation (DES) [76] is commonly used to model 

communication networks under dynamic traffic conditions. The analytical modeling is also used in 

the thesis to explain how operating conditions of a device (e.g., temperature or occupancy) can impact 

its reliability performance.  

3.2 Discrete event simulation 

This thesis makes use of a DES-based approach to evaluate the proposed green schemes. In this 

approach an event represents an action (or set of actions) that takes place in the network and may have 

impact on the network performance and its parameters. An event can represent the following actions 

an request for establishment of a lightpath, starting a sleep/active or active/sleep transition, or new 

data packet to be transmitted. All events take place in a certain moment in time.  

A typical DES-based system usually comprises the following: 

 System state(t) – is a set of variables and/or data structures that represents the state of the 

network and the devices at a given time t. The system state is modified as a result of events 

taking place in the network. 

 Event list – is a key concept used in DES to represent the list of future events with the time of 

their occurrence. In the event list new events can be created, existing events removed, and the 

time of the occurrence of an already scheduled event changed. Events are ordered according to 

the increasing value of their occurrence time. 

 Statistics collector – gathers the measurements of the key indicators that describe the 

performance of the network and of its components. This information is usually stored in files 

for further retrieval and post-processing. In some DES implementations the statistics collector 

gathers not only the latest system information, but it also stores data about past performance, in 

order to be able to retrieve the necessary system state information with respect to any moment 

of the simulation. Such approach requires a large data storage capacity and may not be used in 

all simulation cases. 

 Simulation clock – is a variable that tracks the time in the simulated scenario, which may differ 

from the actual duration of the simulation experiment, i.e., simulation time. 

 Event procedure – characterizes the set of actions that needs to be executed upon the arrival of 

a particular type of event. This procedure can change the system state description, update the 

statistics counters, and very often may trigger the generation of additional (future) events (e.g., 

when a lightpath is established, a lightpath tear down event is created). 

 Initialization – is a procedure that is used in the beginning of the simulation. Its role is to 

initialize all system variables, data structures, statistics counters, and event list that are used 

during the simulation.  

 Main program – is responsible for the management of all previously described DES parts. 

 Report generator – allows generation of reports based on the output of the Statistics collector. 

The report generator can be included in the DES environment or external tools can be used for 

that purpose. Often software tools such as Excel or MatLab can be used for the analysis of the 

gathered data and for the generation of graphs. 

 

When evaluating the proposed energy-efficient schemes one must consider the level of accuracy of 

the provided measurements. The results of a simulation experiment not only depend on simulation 

inputs (e.g., network topology, traffic load, traffic distribution, value of a parameter(s) of an 

algorithm), but may also vary each time a simulation experiment is executed as random events may be 
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involved (e.g., connection requests or packet arrivals). To minimize the variation caused by random 

events, a number of simulations are performed for a given set of input information and the simulation 

results are averaged. The number of experiments depends on the required level of accuracy. One way 

to describe the precision of a measurement is to provide information about the confidence interval and 

the confidence level. In the simulations performed in this thesis the number of simulations is set to 

achieve a confidence interval of 10% (or better) and confidence level of 90% (or better). 

A number of simulation environments that could be used for the evaluation of the ideas proposed in 

the thesis are available on the market, e.g., NS2 [77], NS3 [78], OMNET [79], OPNET [80]. Each one 

of these frameworks offers very large number of functionalities and dedicated tools often with 

overlapping capabilities. These environments are designed mainly for complex packet network 

simulations. All of them could be used for the evaluation of the energy-efficient algorithm proposed 

for access network scenarios. However, the assessment of green schemes derived for core networks 

may require the use of simulation environments tailored specifically for optical core networks. 

3.2.1 Access network simulations 

In the case of access networks the sleep based energy-efficient algorithm proposed in the thesis is 

evaluated with help of the OPNET [80] simulation environment. OPNET was chosen because of prior 

knowledge and availability in the research environment at the ONLab. OPNET provides a rich toolset 

in which networks (network model), network devices (node model), network protocols (packet 

editor), links, and processes can be simulated and their performance evaluated. Several models of 

well-known devices, protocols and applications are provided in a set of libraries.  

OPNET is used to evaluate the energy-efficient algorithm proposed in Chapter 4 dedicated for 

WDM-PONs. The proposed approach is based on sleep mode concept in which the optical transmitter 

at the ONU or at the OLT side can be put into sleep, while the optical receiver is always active to be 

able to receive incoming traffic (known as dozing [51]). The link between OLT and ONU in a WDM-

PON is dedicated, therefore the same type of optical devices can be used at ONU and OLT. Thus, the 

simulation can be simplified to one unidirectional link. Such link is simulated as a simple OPNET 

project that is composed of the following OPNET nodes: Traffic generator, Transmitter (representing 

the optical transmitter at either OLT or ONU side), Link (representing the optical fiber), Receiver 

(representing the optical receiver at OLT or ONU side) and Traffic sink as shown on the Figure 6. 

 

 

Figure 6. OPNET model of simple WDM-PON link. 

The Traffic generator is a standard OPNET node that is used to produce data packets according to a 

chosen traffic pattern (e.g., Poisson distribution). The Receiver, Link, and Traffic sink nodes are also 

standard OPNET components configured to represent the evaluated scenario (e.g., the link is based on 

a fiber with a given distance, the signal propagation speed is the speed of light in glass, the bitrate is 

of 1 Gbps). The Transmitter node is developed as a completely new node entirely for simulation 

purposes. The OPNET state-machine representing the optical Transmitter at OLT/ONU is shown in 

Figure 7.  
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Figure 7. OPNET state machine model of the Transmitter node. 

The states of the Transmitter state machine are the following:  

 Init is called when the simulation starts. It initializes all variables used in the simulation and 

immediately (without waiting for any event) goes to the next state i.e., ActiveCheck. 

 ActiveCheck represents a transmitter in active mode. Every time the state machine reaches this 

state it checks if there are packets to be transmitted. If yes, the machine goes to the 

ActiveSending state to send the packet, otherwise it goes to the GoingSleep state. 

 ActiveSending represents a transmitter sending a packet. Each time the machine is in this state 

one packet is sent. After sending a packet the transmitter goes back to the ActiveCheck state. 

 GoingSleep represents a transition from active to sleep. The transmitter stays in this state for a 

time necessary to transition from the operational to the sleep state. If a packet arrives it is put 

into buffer for further handling. 

 GoingActive represents a transition from sleep to active. The transmitter stays in this state for a 

time necessary to transition from the sleep to the operational state. If a packet arrives it is put 

into buffer for further handling. 

 Sleep represents a transmitter in sleep mode. If a packet arrives while the transmitter is in this 

state or there are packet(s) in the buffer, the wakeup time is calculated and a wakeup event is 

created or, alternatively, an already existing one is updated. If no packets need to be sent while 

the transmitter is in this state, the wakeup event is not created and the transmitter is kept in the 

Sleep state. 

At every state transition the statistics counters (e.g., time spent in each state, energy consumed in 

each state, number of transitions) are updated. The packet delay characteristics are automatically 

gathered by the Traffic sink node. In such a way the energy consumption of the transmitter together 

with packet delay statistics can be easily calculated and presented graphically. 

3.2.2 Core network simulations 

The simulation environments mentioned earlier are mainly dedicated for packet based networks. 

Some tools dedicated for transparent optical networks also exist, e.g., Optical WDM Network 

Simulator (OWNS) [81] that could be considered for the evaluation of the energy-efficient scheme 

proposed for core networks (i.e., WPA-LR). However, the evaluation of WPA-LR is performed with 

the help of a custom made DES entirely developed in MatLab, since the complex features of OWNS 

are not needed. 

The simulator manages two types of events: Lightpath connection request and Lightpath teardown. 

The state of the network (System state) is modelled with the help of matrices that represent, e.g., the 

occupancy of the links, the number of used wavelengths per link, and the list of provisioned lightpaths 

together with their description (e.g. path length, wavelength used, lightpath route). The Statistics 
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collector gathers all System state variables during the whole simulation time in such a way that the 

state of the system in any moment of time during the simulation can be reproduced. 

Figure 8 presents the flowchart of the simulator with the main components of DES simulator (Event 

list, System state and Statistics counter). The simulation starts with an initialization procedure where 

all simulation variables are initialized and the set of Lightpath connection request events is randomly 

generated for the entire simulation. Then the main simulation loop starts and the first event on the list 

is considered. If the event is a Lightpath connection request the proposed provisioning algorithm is 

executed according to the network state described by System state. If the request cannot be 

provisioned the statistics counter counting non provisioned (blocked) connection is updated and the 

simulator proceeds with the processing of the next event from the Event list. If the request can be 

provisioned, all the resources to be used by the connection are reserved accordingly, the System state 

together with Statistics collector are updated, and a Lightpath teardown event is generated. Then the 

simulation proceeds again with the next event from the Event list. If the next event is Lightpath 

teardown event the connection is terminated and all resources used by the connection are released and 

the System state together with Statistics collector are updated. The simulation finishes when there are 

no more events to be treated. The number of simulated Lightpath connection request events is large in 

order to minimize the impact of randomness on the computed performance results. 

 

 

Figure 8. Core network simulator flowchart. 
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3.3 Most used terminology 

In this section several important terms related to energy efficiency and device reliability performance 

that are frequently used in the thesis are explained.  

3.3.1 Energy consumption related terminology 

Although the physical definition of energy (expressed in joules [J] or in watthours [Wh]) and power 

(expressed in watts [W]) is clear, the terms energy consumption and power consumption are often 

mixed or even used in a way that may not represent its pure physical meaning. Therefore, a little 

description on this matter is given. The energy consumption of a device represents the amount of 

energy ([J] or [kWh]) the device consumes. Often this amount is expressed together with the 

information about the time period during which the consumption takes place, e.g., to define monthly 

energy consumption of a typical household. The energy consumption can be related directly to the 

cost of consumed energy via the cost of energy unit. In contrast, the power consumption term is used 

to describe the rate of energy consumption.  

In the context of energy-efficiency, reducing the rate at which a device consumes energy (i.e., power 

consumption) affects directly the amount of energy consumed by the device (energy consumption) 

over a given period of time. Thus reduction of power consumption and reduction of energy 

consumption are often used interchangeably in available research works even if their exact physical 

meaning is different.  

3.3.2 Reliability performance related terminology 

The reliability performance of a device can be described in different ways. The most frequently used 

metrics are: mean time between failures (MTBF), mean lifetime also known as mean time to first 

failure (MTTFF) and failure rate (FR) [83]. The MTBF describes the mean time between failures of a 

device which is equal to the sum of the device mean time to repair (MTTR) and MTTFF [83]. MTTFF 

is often much longer than MTTR, thus the MTBF is frequently approximated with the value of 

MTTFF. When device lifetime is exponentially distributed, the inverse of MTTFF represents the 

failure rate (FR) [84]. The FR is often expressed in failure in time (FIT) unit that describes one failure 

per billion (10
9
) operational hours. Assuming that MTTR<<MTTFF and that the lifetime of a device 

follows exponential distribution, the relation between MTBF [h], MTTFF [h] and FR [FIT] can be 

applied: 

 

 𝑀𝑇𝐵𝐹 [ℎ] ≈ 𝑀𝑇𝑇𝐹𝐹 [ℎ] =  
109

𝐹𝑅 [𝐹𝐼𝑇]
. (1) 

 

Reliability profile (RP) 

The reliability performance of devices available on the market is presented in their datasheets in terms 

of MTTFF, MTBF or FR . This however can be affected by several factors such as device occupancy. 

The reliability profile is introduced in Paper VII to describe how reliability performance changes as a 

function of device occupancy. The reliability profile of a device can be defined as a function referred 

to as RPd(x), where d represents the considered device and x represents the device occupancy varying 

in range of [0, 1]. The occupancy is normalized to the total capacity of the device. The reliability 

performance is expressed in terms of the device lifetime and normalized to the level when the device 

is fully occupied. An example of reliability profile of erbium doped fiber amplifier (EDFA) that is 
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discussed in more details in Paper VIII is shown in Figure 9. The EDFA reliability profile is used 

later on in the thesis to evaluate variation of EDFA lifetime when green routing approaches (that 

impact EDFA occupancy) are deployed. 

 

 

Figure 9. Reliability profile of an EDFA. 
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Chapter 4  

Energy saving vs. packet delay in passive optical networks 

One of the most promising methods to save energy in fiber access networks is to put network devices 

(an OLT or ONU or parts of them) into sleep mode when there is no traffic to be transmitted. 

However, as mentioned earlier putting these devices into sleep mode may introduce a side-effect in 

terms of increased packet delay. This chapter first presents a review of the possible energy saving 

approaches in PONs. Then, the consequences of non-immediate transitions between sleep and 

operational modes are discussed, such as increased delay, and the traffic aggregation approach is 

presented. The delay constraints for different applications and scenarios are briefly outlined. Finally, 

this chapter introduces and evaluates an energy-efficient algorithm dedicated for WDM-PONs in a 

scenario with strict maximum packet delay requirements. 

The LTE backhaul networks are chosen as an example characterized by very stringent packet delay 

requirements of certain services (e.g., S1, X2 interface traffic in LTE/LTE-A [24]). In some cases 

these delay requirements are more critical than the delays introduced by the time multiplexing nature 

of TDM-PONs, thus calling for other PON architectures to be considered. The WDM-PON is a 

perfect candidate as it can provide a dedicated wavelength channel between the OLT and ONU with 

no additional protocol delay. On the other hand, as already mentioned in Chapter 2, the WDM-PON is 

characterized by higher energy consumption at the OLT side and therefore calls for a dedicated 

energy-efficient algorithm to support particular requirements of LTE backhaul scenario. 

4.1 Energy saving approaches in PONs 

As mentioned earlier in Chapter 2 there exist several works addressing energy-efficiency problem in 

PONs on different levels (e.g., physical layer (low power circuits, electronic integration of 

components), data link layer (sleep mode) or both [19], [50]. In this chapter the approaches are 

narrowed down to the schemes based on exploiting sleep mode functionality in access network 

devices (i.e., OLT and ONU).  
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There exist several energy saving techniques depending on which components of an ONU/OLT can 

be put into sleep mode, and for how long. The work presented in [51] addresses this question and 

defines a number of sleep strategies, i.e., deep sleep, cyclic sleep, doze mode or power shedding, 

depending on the parts of ONU/OLT that are put into energy saving mode. Both deep sleep and cyclic 

sleep involve the powering off of several parts of the ONU (optical transceiver (Tx/Rx), system on 

chip, optical amplifier, Ethernet interface, etc.). The cyclic sleep can be seen as deep sleep with 

scheduled periodic transitions between deep sleep and active states. The doze mode involves 

powering off the transmitting part of ONU while leaving the receiving components operational to be 

able to receive packets at any time. Power shedding techniques put into sleep mode only a subset of 

components (e.g., Ethernet interface) while keeping both optical transmitter (Tx) and receiver (Rx) 

active. These schemes differ in the amount of saved energy, the state transition time and also in 

availability to wake up when transmission is required. The deep sleep offers the highest saving while 

power shedding allows for the lowest saving. The deep sleep requires the longest time to wake up and 

power shedding the shortest. In the deep and cyclic sleep there is no possibility of waking up the 

device before scheduled wakeup time, while the device in dozing mode can always receive a packet 

and wake up at any time 

The work presented in [85] addresses several challenges of sleep-based energy saving schemes 

dedicated for TDM-PONs such as the problem of slow transition between sleep and operational 

modes in devices, and the role of the synchronization and recovery time needed during the wakeup 

process. It proposes an SLA based scheduling approach that adjusts the ONU sleep time according to 

the traffic conditions and provides an evaluation of achievable energy saving levels. The schemes 

proposed for TDM-PONs can be further improved by exploiting traffic conditions and/or traffic 

characteristics. The first aspect is discussed in more detail in [21], where the length of sleep period is 

adapted to the traffic conditions. The second aspect is discussed in [86] and [87]. These works 

consider the traffic composed of several classes, each having different constraint on maximum delay, 

and introduce adaptive sleep periods that are related to the traffic class requirements. 

As expected, the common characteristic of all sleep-based energy-efficient schemes proposed for 

TDM-PON is introduction of additional packet delay as a side-effect. It varies depending on the 

applied approach and scenario (e.g., number of users) from several milliseconds up to hundreds of 

milliseconds. Furthermore, in many of aforementioned schemes, once an ONU is put into sleep mode 

there is no possibility to wake it up in order to accommodate the arrival of high priority packet. As a 

result, these approaches cannot benefit from long sleep periods, while guaranteeing low maximum 

packet delay constraints at the same time.  

The majority of available sleep based energy-efficient approaches offered for PONs are dedicated 

for TDM-PONs, as TDM-PONs are widely deployed in fiber access networks. Despite of the fact that 

WDM-PONs offer more space for improvements in terms of energy saving than the TDM-PONs (e.g., 

the sleep-based energy saving schemes can be applied on both ONU and OLT), not many works on 

energy saving are addressing WDM-PONs. The work in [88] proposes an approach based on cyclic 

sleep mode in WDM-PONs (on both ONU and OLT sides). The proposed scheme introduces sleep 

mode cycle up to 100 ms, in which a device cannot respond to any traffic. Unfortunately, this 

approach cannot be applied for scenarios with stringent constraint on packed delay mentioned in the 

beginning of this chapter. The work in [89] proposes a WDM based solution where in addition to a 

dedicated wavelength for each ONU, one wavelength is shared among all ONUs (in a similar way as 

in TDM-PONs). The shared wavelength is used in low traffic conditions to carry traffic between OLT 

and several ONUs. In such conditions the transceivers at OLT and at ONU operating at a dedicated 

wavelength can be put into sleep mode. When the traffic between the OLT and particular ONU 
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increases and crosses the predefined threshold, the transceivers serving the dedicated wavelength are 

waken up to support incoming traffic. Similar solutions are proposed for TWDM-PONs, e.g., the one 

from [90] advocates an energy-efficient mechanism that benefits from both time and wavelength 

multiplexing nature of TWDM-PONs, and has the objective is to switch off, whenever possible, the 

unused receivers at the OLT side. To the best of our knowledge, there is no work proposing energy-

efficient schemes dedicated for WDM-PONs carrying traffic with strict delay requirements. 

4.2 Sleep mode and packet delay 

Exploiting the sleep mode in devices can be seen as a simple and straightforward idea to achieve 

energy-efficiency in access networks. However, as mentioned earlier, the energy overhead related to 

state transition may affect the possible energy saving. This impact becomes important when the 

transition time is comparable or higher than the transmission time of one frame/packet. One way to 

measure the significance of this overhead is to use an indicator called frame transmission energy 

efficiency (FTEE) that is an extended version of frame efficiency indicator introduced in [22]. FTEE 

is calculated using the following formula: 

 

 𝐹𝑇𝐸𝐸 =
𝑡𝑡∗𝑃𝑡

𝑡𝑡𝑤∗𝑃𝑡𝑤+ 𝑡𝑡∗𝑃𝑡+𝑡𝑡𝑠∗𝑃𝑡𝑠 
,  (2) 

 

where: tt is the transmission time of one frame, ttw transition time from sleep to operational state, and 

tts time necessary to put the device into sleep mode. While Pt, Ptw and Pts represent power 

consumption of transmitter in transmission mode, during wakeup process and during transition to 

sleep state, respectively. 

In order to illustrate the impact of non-immediate transition times on possible energy saving, let us 

consider a theoretical example of 1 Gbps link carrying packet based traffic. The packets are randomly 

generated with packet arrivals following a Poisson process and their size is uniformly distributed with 

packet size varying from 50 to 1500 bytes (average packet size is 775 bytes). A constant overhead of 

42 bytes representing Ethernet frame is added. The transmitter is put into sleep mode as soon as there 

are no packets to be transmitted and woken up immediately with incoming packet(s) to be sent (later 

this scheme will be referred to as immediate wakeup scheme). The wakeup transition time of a 

transmitter is equal to the sleep transition time (i.e., ttw = tts), and power consumption of transmitter 

during transmission is equal to power consumption during transitions (i.e., Pt. = Ptw = Pts). Five values 

of state transition times (wakeup or sleep transition) are chosen to achieve FTEE of {1, 0.66, 0.33, 

0.15 and 0.05}. The behavior of the link is simulated with large number of frames (i.e., 10
6
). Figure 

10 presents the possible energy saving (expressed as percentage of total energy consumption of 

transmitter) as a function of link load (expressed as percentage of the total capacity of the link) that is 

carried on the link for five different values of FTEE.  
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Figure 10. Energy saving in function of frame transmission energy efficiency (FTEE). 

As it can be observed in Figure 10, for FTEE = 1 (i.e. in ideal case when state transitions are 

immediate) the saving decreases linearly with the increasing data rate. When there is no traffic to be 

carried the device consumes only the energy related to the sleep mode, while the remaining part can 

be saved (i.e., 90%). When the device is fully occupied, no energy can be saved. For other values of 

FTEE that are lower than 1 (i.e., when the transition overhead is significant) the saving is lower 

comparing to the case when FTEE = 1. In addition, considerable energy saving can be observed only 

in low traffic conditions. 

This observation is very important for the scenario considered in this thesis (i.e., WDM-PON 

supported LTE backhaul) where the frame transmission energy efficiency is lower than 5%. In this 

case the possible energy saving is only available for traffic lower than 30% of the link capacity. 

Based on the observations above, two main approaches can be considered to improve energy 

efficiency: (a) reducing the transition time by improving the design of the device [91] such that, for 

example, the time necessary for clock recovery is minimized, and (b) packet bursting that reduces the 

number of transitions for given traffic condition [20], [22], [23] and, consequently, reduces the 

consumed energy. In the next section the packet bursting scheme is discussed in more detail. 

Reductioning the transition time is not considered in the thesis as it belongs to the domain of device 

manufacturing. 

4.2.1 Packet bursting 

To optimize the energy consumption and overcome the overhead problem discussed in the previous 

section, a packet bursting approach is proposed. In this scheme the packets are collected and then 

transmitted together in bursts, reducing the number of transitions and lowering the overall overhead 

per packet [20], [22], and [23]. 

Figure 11 illustrates the problem debated in the previous section and presents three scenarios (i.e. (a) 

ideal scenario, (b) immediate wakeup and (c) packet bursting scenarios) in order to explain the 

advantages and drawbacks of packet bursting approach. For each scenario, the transmission of four 

example packets is depicted as p1, p2, p3 and p4. The packets are represented by rectangles on time 

axis, where the length of each rectangle signifies the packet length. The Sleep period is shown 

between the packets under the time axis. 
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Figure 11. Packet bursting and additional delay. 

The first scenario (a) assumes the transitions between the sleep and operational state to be immediate 

(i.e., FTEE = 1). Thus, when the device is not transmitting it can benefit immediately from the sleep 

mode. As a result, achievable energy saving is proportional to the time the device is not transmitting, 

as illustrated in Figure 11. The second scenario (b), the real-life scenario, considers non-immediate 

transitions between sleep and operational states. These transitions are represented by arrows before 

and after each packet. The upward arrow represents the device wakeup process and the downward 

arrow represents the process of putting the device into sleep mode. Figure 11b illustrates how the 

overhead reduces the time in which the device can stay in sleep mode (i.e., the observed Sleep periods 

are shorter) and as a consequence decreases the possible energy saving. The third scenario (c) presents 

the packet bursting approach. In this scenario the packets are gathered and then transmitted all 

together. The transition overhead is spent once for all packets (i.e., p1, p2, p3 and p4), instead of 

multiple times for each of them separately. The immediate drawback of this scheme is the 

introduction of an additional packet delay (as shown in Figure 11c for packet p1) as packets must wait 

a certain time to be aggregated. It is important to assure that this additional delay stays within the 

accepted range defined by the maximum packet delay requirements for given traffic. 

Before proposing and evaluating any energy-efficient approach that allows delay control, the 

maximum delay constraints for different applications should be discussed. 

4.2.2 Maximum delay constraints 

There are several definitions in the literature of applications carried in the networks and their quality 

of service requirements. Four traffic service classes can be defined for Internet traffic [92]: Real Time 

(e.g., voice and video telephony), Streaming (e.g., radio and video broadcast, video on demand), 

Transactional (e.g., web browsing, telnet, network control) and Best effort (e.g. email, file exchange). 

Each of them has well defined constraints for maximum delay and other quality of service parameters 

(e.g. packet loss, bit error ratio). However, those maximum delay requirements are understood as the 

maximum time packet can travel over the whole network (i.e. end-to-end delay). The OASE project 

[25], on the other hand, makes clear differentiation between the end-to-end delay constraints 

discussed earlier and the delays that are related to the access network segment. It also considers other 

types of applications where traffic mainly stays within the access networks segment. A good example 

is LTE backhaul with S1 or X2 interface traffic. 

As expected, the maximum delay requirements related to the access network segment are more 

stringent than for the end-to-end case. Table 2 presents the summary of maximum end-to-end and 

access segment delay requirements [25], [92]. 

time

p4↑ p1 p2 p3↓ ↑ ↓ ↑ ↓ ↑ ↓
S S S

time
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Sleep

time
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Sleep SleepSleep
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Table 2. Maximum delay constraints for different application traffic. 

Application Maximum delay [ms] 

End-to-end Access segment 
Best effort  < 2000 [92] < 200 [25] 

Transactional < 1000 [92] < 100 [25] 

Streaming < 400 [92] < 40 [25] 

Voice < 150 [92] < 5 [25] 
   

Mobile LTE backhaul n/a < 5 [25] 

Mobile LTE-A backhaul n/a < 1 [25] 

 

It can be noticed that for the LTE backhaul scenarios the maximum delay requirements of e.g., S1, X2 

interfaces related to access segment are very strict (i.e., 1~5 ms [24], [25]). Such strict maximum 

delay requirements can be difficult to achieve by the TDM-PONs, as the communication between the 

ONUs and OLT is multiplexed and an ONU must wait for the assigned timeslot in order to transmit 

data. The delays observed in GPON or EPON can be up to 20 ms [42] making the use of TDM-PONs 

questionable for the LTE backhaul scenarios. The WDM-PON providing point to point wavelength 

connectivity for each customer eliminate the need for scheduling algorithm, and are thus, perfect 

candidate for these scenarios. 

4.3 Energy-efficient scheme satisfying maximum delay constraints  

As mentioned in the previous section, the WDM-PONs can suit perfectly for applications with 

stringent maximum delay requirements. However, the WDM-PONs have a major disadvantage which 

is higher energy consumption compared to TDM-PONs due to the higher number of transmitters (one 

per user) at the OLT side. Thus, there is a need for energy saving schemes for WDM-PONs.  

In this section, the energy-aware scheme for WDM-PONs is presented. The proposed approach is 

able to guarantee for packet delay below the maximum allowed value. The functioning of the 

algorithm is explained first with one traffic class and then in a more general case, where multiple 

traffic classes are considered. Finally, the approach is evaluated with help of link simulations 

performed with OPNET. The proposed scheme can be easily implemented in already deployed 

WDM-PONs without the need of any additional synchronization protocol for the transmission 

between the OLT and ONUs.  

4.3.1 Wakeup time calculation 

The proposed scheme (presented in Paper III) is based on the dozing concept [51] where the OLT 

and the ONU put their transmitters into sleep to save energy. The main idea behind the scheme is to 

compute the time in which the transmitter (Tx) starts the wakeup process (wakeup time) in a way to 

maximize the time spent in the sleep mode while keeping the impact on packet delay at an acceptable 

level. The proposed algorithm can also benefit from different maximum delay requirements for 

diverse traffic types. This additional information is used to increase the time the Tx can be put in the 

sleep mode, and consequently, improve its energy efficiency. 

In order to maximize the energy saving, the Tx should stay in sleep mode as long as possible. On the 

other hand, the longer the Tx is in sleep mode the larger is the delay experienced by the packets. The 

proposed scheme keeps the packet delay under control by proper calculation of the wakeup time 

twup(p) of the transmitter for a given packet p. The twup(p) calculation considers the following aspects: 

the packet arrival time ta(p), the maximum delay constraint dmax, the propagation time necessary to 

transmit the packet over the link tp, the transition time of the transmitter ttt (from sleep to operational 

mode), the time required for transmission of all packets pj that must be transmitted before packet p 
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(e.g., backlogged packets or high priority packets that define set B) ∑ttm(pj) where pjϵB, and the 

transmission time of the packet p itself ttm(p). The twup(p) is computed for each packet p with the 

following formula: 

 

 𝑡𝑤𝑢𝑝(𝑝) = 𝑡𝑎(𝑝) + 𝑑𝑚𝑎𝑥 − 𝑡𝑝 − 𝑡𝑡𝑡 − ∑ 𝑡𝑡𝑚(𝑝𝑗)𝑗∈𝐵 − 𝑡𝑡𝑚(𝑝). (3) 

 

The earliest wakeup time twup(p) for all packets waiting for transmission is considered as the wakeup 

time tWUP for the transmitter. Obviously, the tWUP cannot take place in an instant earlier than the current 

time tnow. If calculated tWUP is earlier than tnow, the transmitter is set to wake up immediately. 

Deciding on the wakeup time of the transmitter according to traffic type can further improve the 

energy efficiency. Packets with less stringent delay requirements, i.e., low priority (LP) packets with 

their maximum delay constraint (dmaxLP) are allowed to wait longer before being transmitted. Thus the 

transmitter can sleep for longer periods and offer gain in terms of energy saving. The high priority 

(HP) packets with more stringent packet delay constraint (their maximum delay is dmaxHP<<dmaxLP) 

trigger earlier transmitter wakeup. The calculation of the wakeup time (Eq. (3)) then takes under 

consideration the maximum delay constraint specific to the type of the packet (dmax is represented by 

either dmaxHP or dmaxLP depending on the packet type). 

The order in which the packets are sent (i.e. the set B of packets to be transmitted before packet p) 

plays an important role. For example, if a first-come first-serve (FCFS) policy is used, a problem in 

meeting the delay constraints of some packets can appear, particularly when a HP packet arrives at the 

Tx with a substantial backlog of LP packets in the transmission queue. In such case, even if the Tx is 

turned to the active mode immediately after the packet arrives it might happen that, by the time the 

backlog is transmitted, the delay of some HP packets will exceed dmaxqHP. Thus, an approach with 

multiple queues and priority for HP packets is required. More information is provided in Paper III. 

4.3.2 Evaluation results 

Proposed approach is evaluated in terms of packet delay and energy saving with the help of link level 

simulations using OPNET package. The detailed explanations of simulation parameters are presented 

in Paper III. 

Figure 12a presents the achievable energy saving of a transmitter expressed as the percentage of the 

total energy consumption as a function of link traffic (in Mbps). The saving is depicted for three 

scenarios: (1) scenario w/o packet bursting where the transmitter is immediately woken up as there is 

a packet to be transmitted (immediate wakeup) (2) the proposed scenario exploiting packet bursting 

with control of wakeup time of a Tx (proposed scheme) and (3) ideal case scheme i.e., immediate 

wakeup scheme characterized by unreal assumption of FTEE = 1. The ideal case is used for reference 

purposes to show the maximum possible energy saving. Figure 12b shows the average and maximum 

packet delays for the aforementioned scenarios. 
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(a) 

 
(b) 

Figure 12. Achievable energy saving (a), and packet delay (b) of proposed scheme. 

As shown in Figure 12a, the proposed scheme provides significant energy saving when compared to 

the immediate wakeup approach. However, the energy saving of the proposed scheme may be further 

improved since there is an observable difference compared to the ideal case. Figure 12b shows that 

the proposed scheme ensures the maximum packet delay to stay below the required value (1 ms) 

except for the high load conditions. When traffic exceeds 700 Mbps, the maximum packet delay rises 

over required 1ms, i.e., up to 1.5 ms at the total traffic load of 950 Mbps. This is due to the traffic 

generator characteristics that allow instant arrival rate to be higher than the peak data rate (i.e., 

1 Gbps) and provides unlimited packet queues (in order not to drop packets when Tx is in sleep 

mode). The ratios of the packets exceeding the maximum delay requirement are low i.e., 0.001 %, 

0.054 %, 1.98 % and 5.0 % of the total number of packets when the total traffic loads are 713 Mbps, 

802 Mbps, 916 Mbps and 950 Mbps respectively.  

As discussed earlier, the proposed scheme can be extended to exploit the fact that the maximum 

delay requirements are not the same for all traffic types. Figure 13a shows the energy saving as a 

function of link traffic for the proposed scenario and compares them to the ones of the proposed 

scheme that is extended to benefit from traffic classes differentiation (extended scheme). In the 

extended scheme, four different ratios between HP and LP traffic (i.e., 1:1, 1:5, 1:20, 1:200) are 

considered. As shown in Figure 13a, the extended scheme with traffic classes differentiation can 

further improve the energy saving when compared to the proposed scenario. It can also be observed 

that the lower the portion of HP traffic is, the higher energy saving can be achieved.  

 
(a) 

 
(b) 

Figure 13. Achievable energy saving (a), and average HP packet delay (b) of extended scheme. 
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The extended scheme also keeps the maximum delay of HP packets within the specified boundaries; it 

is less than 999.4 μs at any load. Figure 13b shows the average delay of HP packets. It can also be 

noted that the higher the traffic load, the lower the average delay. This is because at high traffic load, 

the HP packets are more likely to find the Tx active at the arrival and they can then be transmitted 

immediately without any delay. 
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Chapter 5  

Energy saving vs. network performance in transparent 

optical networks 

This chapter discusses in more detail the impact that sleep based energy-efficient lightpath 

provisioning algorithms have on the performance of transparent optical networks, in addition to the 

obvious reduction of energy consumption. The chapter starts with a concise review of the literature 

with a particular focus on the consequences of implementing a green approach. After a brief 

description of the power model assumptions, the chapter explains the intuition behind the use of an 

energy-efficient RWA approach. The illustrative example provided in the chapter helps also to 

understand the possible trade-offs between energy saving and other network performance indicators. 

Next, the proposed RWA algorithm called weighted power aware lightpath routing (WPA-LR) is 

presented and evaluated by means of simulations using real network scenarios. The evaluation 

identifies the metrics that are impacted (i.e., average path length, average occupancy of used links, 

and blocking probability) and analyzes in detail the nature and characteristics of this trade-off. 

The green RWA approaches presented in [69]-[75] and discussed in Chapter 2 are able to reduce the 

network energy consumption. Each of these works quantifies the amount of achievable energy saving, 

however, little attention is given to the impact of the presented strategies on metrics that are not 

strictly related to power consumption. This type of discussion is mainly limited to the changes that 

green strategies introduce to the network blocking probability levels in dynamic connection 

provisioning scenarios [72]-[75]. Sometimes, other metrics such as the distribution of the usage of the 

links are considered and discussed [71], [74], [75]. The work presented in this thesis is the first one 

that focuses mainly on the trade-offs between energy efficiency and network performance when 

energy-efficient RWA algorithms are implemented. In addition, the aforementioned algorithms i.e., 

[69]-[75], offer only binary choice i.e., either the algorithm is applied and the energy saving obtained, 

or not applied and no saving is available. While, the proposed algorithm, i.e., WPA-LR, allows 

flexible tuning between the two objectives, namely energy-efficiency and resource utilization. This 
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algorithm allows to understand and analyze the trade-offs between energy saving and network 

performance. 

5.1 Energy-efficient lightpath provisioning 

The goal of a sleep based energy-efficient RWA strategy in transparent optical network is to provision 

lightpaths in such a way that the number of devices in sleep mode is maximized. As a result, the total 

energy consumption of the network can be minimized. However, before focusing on the proposed 

green RWA approach, an explanation of considered energy consumption model is given. 

5.1.1 Energy consumption model 

An optical core network can be modelled as a set of nodes interconnected by a set of fiber links.  

A node is composed of an optical cross connect (OXC) and transceivers, while the fiber links 

comprise a number of optical amplifiers, depending on the fiber link length. As an example, let us 

assume a lightpath provisioned from source to destination as shown in Figure 14. This optical 

connection requires two transceivers (TRXs), one at the source and one at the destination node. It 

traverses three OXCs: one at the ingress, one at the egress node and one at the intermediate node, as 

well as a number of optical amplifiers. The OXCs and optical amplifiers can carry multiple lightpaths, 

thus an optical connection may be responsible for only a fraction of their energy consumption.  

 

 

Figure 14. Optical components by a two hop lightpaths. 

The power consumption of the network as a whole at a given time t can be computed as the sum of the 

power consumption of all the components in the network, where some of them are in operational state 

and the rest are in sleep or off state. Thus, the power characteristics of the network, i.e., 𝑃𝑛𝑒𝑡𝑤𝑜𝑟𝑘, 

carrying n connections in a given moment of time t is represented by the following formula: 

 

 𝑃𝑛𝑒𝑡𝑤𝑜𝑟𝑘 = 2 ∗ 𝑛 ∗ 𝑃𝑇𝑅𝑋 + 𝑂𝑋𝐶𝑜𝑝 ∗ 𝑃𝑂𝑋𝐶
𝑜𝑝

+ 𝑂𝑋𝐶𝑠𝑙 ∗ 𝑃𝑂𝑋𝐶
𝑠𝑙 + 𝑂𝐴𝑜𝑝 ∗ 𝑃𝑂𝐴

𝑜𝑝
+ 𝑂𝐴𝑠𝑙 ∗ 𝑃𝑂𝐴

𝑠𝑙 ,  (4) 

 

where: the 𝑃𝑇𝑅𝑋 represents the power consumed by a transceiver, 𝑃𝑂𝑋𝐶
𝑜𝑝

 and 𝑃𝑂𝑋𝐶
𝑠𝑙  correspond to the 

power consumption of an OXC in operational and sleep mode, and the 𝑃𝑂𝐴
𝑜𝑝

 and 𝑃𝑂𝐴
𝑠𝑙  represent the 

power consumption of an optical amplifier in operational and sleep mode. OXCop and OXCsl represent 

the number of OXCs in operational and sleep mode, respectively, while OAop and OAsl represent the 

number of optical amplifiers in operational and sleep mode, respectively.  

Assuming that the total number of OXCs and optical amplifiers deployed in the network is constant, 

and knowing that devices in operational mode consume more energy than in sleep mode (i.e., 
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𝑃𝑂𝑋𝐶
𝑠𝑙 < 𝑃𝑂𝑋𝐶

𝑜𝑝
 and 𝑃𝑂𝐴

𝑠𝑙 < 𝑃𝑂𝐴
𝑜𝑝

), Eq. (4) can be minimized by maximizing the number OXCs and 

optical amplifiers in sleep mode (i.e., 𝑂𝑋𝐶𝑠𝑙 and 𝑂𝐴𝑠𝑙, respectively).  

5.1.2 Energy-efficient routing and wavelength assignment (RWA) 

The OXCs and optical amplifiers can be switched into sleep mode only when they do not carry traffic. 

On the other hand when they are in operational mode they can carry several optical signals at the 

same time. Thus, for carrying additional traffic it becomes beneficial from the energy consumption 

point of view to use devices that are already turned on instead of waking up those that are in sleep 

mode.  

The OXC present at the node where a lightpath originates or terminates must be set in operational 

mode. Therefore, as soon as every node in the network is originating or terminating at least one 

lightpath (which happens even in low traffic conditions) there is no possibility of putting OXCs into 

sleep mode. The only possibility left to save energy is to maximize the number of the optical 

amplifiers that can be put in sleep mode. That can be done by proper lightpath routing in the network.  

Let us consider an illustrative example in Figure 15. The depicted optical network consists of six 

nodes and eight fiber links with the same length. Each link has three wavelength resources. On every 

link there is the same number of optical amplifiers. In the network, there are already two provisioned 

lightpath requests: R1 (from node A to node F) and R2 (from B to F). Since links e6, e7, e5, e4 and e8 

are not carrying any traffic they can be put in sleep mode. A new lightpath connection request (i.e., 

R3) from node C to node F arrives to the network. To provision R3 several routes can be used, i.e., e5-

e4 (L1), e5-e8-e3 (L2), e7-e2-e3 (L3), e7-e2-e8-e4 (L4), e6-e1-e2-e3 (L5) and e6-e1-e2-e8-e4 (L6).  

 

Figure 15. Example network. 

The choice of the route depends on the routing objective and has an impact on the number of the links 

that can be kept in sleep mode. For example, if a standard shortest path (SP) approach is chosen route 

e5-e4 (L1) would be selected and the devices on links e5 and e4 will need to be turned on, so only tree 

links can be kept in sleep mode, i.e., e6, e7 and e8 (Figure 16a). On the other side, if the RWA 

approach aims at minimizing the energy necessary to provision the incoming request by minimizing 

the number of devices that need to be put into operational mode, a longer route e7-e2-e3 (L3) will be 

chosen. This route requires only one additional fiber link e7 to be turned while the devices on links e4, 

e5, e6, and e8 can stay in the sleep mode, as shown on the Figure 16b (the route L5 (e6-e1-e2-e3) is as 

energy-efficient as route L3 but L5 is longer than L3, thus, L3 is selected in this case). 
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(a) (b) 

Figure 16. Shortest path (a) vs. energy-efficient (b) routing. 

When comparing these two possible provisioning approaches (i.e., shortest path (SP) and energy-

efficient (EE)) one can notice immediately that the path provided by the EE scheme, i.e., L3, is longer 

(3 hops) than the one provided by SP i.e., L1 (2 hops), and that the average link occupancy (number of 

wavelength used on a link) is higher in the case of EE (i.e., 0.333) than for SP (i.e., 0.291). In 

addition, with the EE approach links e2 and e3 are using all their wavelengths resources and may not 

be used to establish new connections anymore. Table 1 summarizes the network state when standard 

(i.e., SP-based) and energy-efficient RWA strategies are used. 

Table 3. Network performance parameters for standard and energy-efficient RWA in example network. 

Parameter Shortest path 

RWA 

Energy-efficient 

RWA 
Links in sleep mode 3 4 

Nodes in sleep mode 0 1 

Average path length (hops) 2.333 2.666 

Average link occupancy in the network 0.292 0.333 

Average occupancy of operational links  1.4 2.66 

Number of fully occupied links  0 2 

 

The presented example depicts how energy-efficient lightpath provisioning can impact network 

performance parameters. In order to better understand these impacts a novel approach called weighted 

power aware lightpath routing (WPA-LR) is proposed. 

5.2 Weighted Power Aware Lightpath Routing (WPA-LR) 

The WPA-LR algorithm takes under consideration the link state (i.e., operational or sleep) during the 

search for the most appropriate lightpath route in the first stage of a R+WA strategy. When a 

connection request arrives to the network, a candidate path with the lowest cost is computed. This cost 

value is computed by summing up the cost of each link (i.e., Cl , where l represents a link) along the 

path. Cl is computed as follows:  

 

 𝐶𝑙 = {
𝛼 ∗ 𝑃𝑙 −  𝑤ℎ𝑒𝑛 𝑓𝑖𝑏𝑒𝑟 𝑙𝑖𝑛𝑘 𝑖𝑠 𝑖𝑛 𝑢𝑠𝑒 (𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑡𝑎𝑡𝑒)

𝑃𝑙 −  𝑤ℎ𝑒𝑛 𝑓𝑖𝑏𝑒𝑟 𝑙𝑖𝑛𝑘 𝑖𝑠 𝑛𝑜𝑡 𝑖𝑛 𝑢𝑠𝑒 (𝑠𝑙𝑒𝑒𝑝 𝑠𝑡𝑎𝑡𝑒)
, (5) 
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where Pl is the total power consumption of all amplifiers on link l, and α is a weighting factor with 

values in range of (0,1] representing the importance of energy savings in WPA-LR. For the values of 

α close to zero, WPA-LR behaves as a pure energy saving strategy that prevents turning on the 

devices in sleep mode. As amplifiers are deployed every 80km, their number along a route can be 

assumed proportional to the route length. Therefore, when α is equal to 1 the WPA-LR tends to 

provision connection requests according to the lowest number of amplifiers along the path and 

behaves as a shortest path approach. By changing the value of α between 0 and 1, the optimization 

goals can be fine-tuned between minimization of energy consumption and minimization of resource 

usage.  

When a candidate path is found, the First Fit heuristics is used to find a free wavelength along the 

path. If no continuous wavelength can be found, another path option is checked, where up to k 

candidate paths can be considered. If no continuous wavelength is found among the k candidate paths, 

or no candidate path exists, the connection request is blocked. 

5.3 Evaluation results  

The WPA-LR scheme is evaluated by means of simulation in two reference network environments, 

i.e., COST239 [93] and NSFNET [94]. This section presents the results for the COST239 network. 

Results for the NSFNET network can be found in Paper II. The simulation assumes that each fiber 

carries a maximum of sixteen wavelengths and that there is no wavelength conversion available in the 

network. The source - destination pairs for the incoming lightpath connection requests are uniformly 

chosen among the networks nodes. Connection request arrivals follow a Poisson distribution while the 

holding time for each connection is exponentially distributed.  

The results of the simulations confirm that energy efficiency and network performance parameters 

are conflicting objectives. The summary of the results is shown in Figure 17a and Figure 17b. Figure 

17a presents the blocking probability values and Figure 17b presents the energy saving (normalized 

with respect to the SP approach where α=1) performance in the network under exam as a function of 

the traffic load for several values of α. The results show that when only energy-efficient provisioning 

is used (i.e., α≈0), energy saving is high, but the blocking probability rises to unacceptable levels. On 

the other hand, when the energy minimization objective is relaxed, i.e., 0<α<1, the green routing 

approach can still provide some energy saving and the impact on the blocking probability is reduced. 

In particular, with values of α in the range [0.75, 1) the energy saving is considerable while there is no 

significant impact on the blocking probability. 

 

 
(a) 

 
(b) 

Figure 17. Blocking probability (a) vs. energy saving (b) for WPA-LR. 
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Figure 18a and Figure 18b present two identified impacts of energy-efficient RWA, i.e., the variation 

of average path length and average link utilization. Figure 18a shows the increase of the average path 

length in percentage when energy-efficient routing is implemented (i.e., α<1) compared to the average 

path length observed for α=1. One can immediately notice that for the most aggressive energy saving 

(i.e., α close to 0) and in low traffic conditions, the path length can be nearly doubled. For other traffic 

values the path length increase is not as high but still considerable. Such rise is expected since longer 

paths are more likely to efficiently use already operational resources. It is worth to notice that for 

values of α in range of [0.66, 1] the average path length augmentation is low and limited to 6.6%, 

which can be considered as an acceptable value taking into account the achieved energy saving. An 

increase in the average path length may have an impact on the optical signal quality at the receiver 

and may limit the options on which modulation formats can be used. Figure 18b presents the increase 

of the average link occupancy in the network when energy-efficient routing is implemented (i.e., α<1) 

compared to the average link occupancy observed for α=1. The figure shows that fiber links are on 

average more utilized when α gets closer to 0 as the WPA-LR strategy tends to provision as many 

connection requests as possible using network elements that are already powered on. This causes a 

higher risk for bottlenecks and increased blocking probability. It can also be noted that with highly 

occupied links the robustness of the network may be reduced as it may be more difficult to reroute all 

the affected lightpaths upon a fiber link failure. 

 

 
(a) 

 
(b) 

Figure 18. Average increase of path length (a), and link occupancy (b) for WPA-LR. 

Figure 19 explains in more detail the impact of energy-efficient approach on the link usage. It presents 

the average link occupancy distribution for different values of α in three different traffic conditions. It 

shows that when α is close to 0, the percentage of lightly loaded fiber links (e.g., the ones with up to 

four active wavelengths) tends to decrease, while the percentage of medium and highly loaded fiber 

links (e.g., the ones with 5 or more active wavelengths) increases. The occupied links carry on 

average more wavelengths.  
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Figure 19. Link occupancy distribution. 

A more detailed analysis of the proposed WPA-LR algorithm is presented in Paper I and II. Paper I 

presents the algorithm together with some preliminary results, and the work is then extended in Paper 

II, where network performance characteristics such as link occupancy and path length of provisioned 

lightpath connections are assessed in detail. 
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Chapter 6  

Energy saving vs. device reliability performance 

There are good reasons to expect that frequent switching between operational and sleep conditions 

may impact reliability performance of a device. In fact, state transitions cause changes in the 

operational conditions (e.g., temperature) of a device and can possibly cause more frequent failures. 

The experimental evaluation conducted for compact fluorescent lamps (CFLs) of different 

manufacturers presented in [95] seems to confirm this intuition. The CFLs in the study were subjected 

to frequent on/off switching over a long period of time (years). It was observed that the lifetime of a 

CFL decreases significantly with higher switching frequency. In the worst case the CFL lifetime 

decrease could even reach 97% when the switching frequency increases from 7.2 to 270 cycles per 

day. A later study performed for a large-scale integration system on chip (SoC) shows that energy-

efficient schemes based on sleep mode, e.g., dynamic power management (DPM), have a negative 

impact on the equipment lifetime [96] which could decrease by up to 30% when sleep mode is used. 

Following the same reasoning it can be expected that the introduction of sleep mode in optical 

network devices can have a similar negative impact on their reliability performance. In addition, 

shorter device lifetime may also impact the network operational expenditure in terms of extra 

reparation cost. Therefore, there might be instances in which energy saving approaches might not be 

beneficial anymore, i.e., the increase of operational cost related to device failure reparation can 

become higher than the savings achieved thanks to reduced energy consumption. There is not many 

works available in the literature discussing the impact of energy saving schemes on the reliability 

performance of optical devices. Only the work in [97] discusses the interplay between the energy 

saving schemes and reliability performance of network devices. Since the publication of [97] there has 

been a collaboration between the authors of [97] and the author of this thesis to study this problem in 

more detail. 

To investigate the energy-efficiency versus reliability performance trade-off, this chapter first 

presents the physical phenomena that can affect reliability performance of a device. Then, it is 

discussed how a possible device lifetime decrease can impact the network operational cost. An 
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indicator called maximum allowable reliability performance decrease is introduced. It can be used to 

identify which are the devices that might create the most problems from an operational cost 

perspective when their lifetime is reduced. After analyzing the most commonly used devices in both 

access and backbone network scenarios it is found that EDFAs are critical. For this reason the extra 

reparation cost that an operator may incur are evaluated when a green scheme based on putting 

EDFAs into sleep mode (i.e., WPA-LR) is used. It is shown that even a small decrease in the EDFA 

lifetime might have a significant impact on operational cost, comparable to possible benefit from 

energy saving.  

6.1 Factors impacting reliability performance of a device 

Using a sleep mode state can lead to changes in the operational conditions of the involved devices. 

The most commonly considered parameter is the operational temperature. Another aspect that is 

important to consider are temperature variations. There are several models describing the relation 

between the temperature of a device and its reliability performance. The first presented model, based 

on the Arrhenius law [98], describes how the operational temperature can influence the device 

lifetime. Another model, based on the Coffin-Manson law [99], [100], describes how periodic 

temperature changes can impact the device lifetime. 

6.1.1 Device operational temperature 

The impact of the operational temperature on device reliability performance can be described using 

the Arrhenius law [98]. The Arrhenius law as it was presented initially in 1889 describes the speed of 

chemical reactions or physical processes as a function of the temperature. Generally speaking, high 

temperature causes an increase of the speed of observed processes. As many of them may be directly 

related to a device failure, it can be concluded that high temperature may cause a decrease of the 

device lifetime.  

The Arrhenius law is adopted in many reliability studies to describe the variation of the reliability 

performance of devices in function of the temperature. Such variation is often described in terms of 

acceleration factor (AF) that defines how fast a device may deteriorate (i.e., how its average lifetime 

shortens) when its operational conditions changes. The AF is defined as: 

 

 𝐴𝐹 =
𝐿𝑟𝑒𝑓

𝐿𝑡𝑒𝑠𝑡
, (6) 

 

where Lref and Ltest represent the mean lifetime of the device expressed in time units, e.g., hours, in the 

reference and in test conditions. As there can be different acceleration factors related to other laws, 

the Acceleration Factor related to the Arrhenius law is referred to as AFAr and can be represented by 

the following equation: 

 𝐴𝐹𝐴𝑟 =
𝐿𝑟𝑒𝑓

𝐿𝑡𝑒𝑠𝑡
= 𝑒

(
𝐸𝑎
𝑘

(
1

𝑇𝑟𝑒𝑓
−

1

𝑇𝑡𝑒𝑠𝑡
))

, (7) 

 

where Ea is activation energy for a particular device measured in [eV] (common values for electronic 

equipment are within the 0.4 - 0.9 eV interval), k is Boltzmann’s constant and Tref and Ttest the 

temperature [K] in reference and in test conditions, respectively. The Arrhenius law can also be used 

to estimate how the lifetime of a device can be extended if the operational temperature is lowered 
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(e.g., when a device is in sleep mode). Assuming that the amount of time a device spends in sleep 

mode extends linearly its lifetime, Eq. (7) can be modified to compute the sleep-mode-enabled 

Arrhenius law acceleration factor (AFAr_sleep) as follows: 

 

 𝐴𝐹𝐴𝑟_𝑠𝑙𝑒𝑒𝑝 =
𝐿𝑟𝑒𝑓

𝐿𝑠𝑙𝑒𝑒𝑝
= 1 − 𝑡𝑠𝑙𝑒𝑒𝑝 (1 − 𝑒

(
𝐸𝑎
𝑘

(
1

𝑇𝑟𝑒𝑓
−

1

𝑇𝑠𝑙𝑒𝑒𝑝
))

). (8) 

 

In Eq. (8) Tref and Tsleep represent the temperature of the device in operational and sleep condition, 

respectively. It is assumed that Tsleep<Tref. The value of tsleep is in range [0,1] and represents the 

percentage of total considered time the device spends in sleep mode. When the sleep mode 

functionality is not applied to a certain device tsleep = 0 and AFAr_sleep = 1. When the device stays in 

sleep mode all the time i.e., the tsleep = 1, Eq. (8) becomes Eq. (7), i.e., AFAr_sleep = AFAr. When a device 

is partially in active state and partially in sleep mode, i.e., 0<tsleep<1, AFAr_sleep is in the range (AFAr, 1). 

If the average operating temperature was the only factor to consider, energy-efficient schemes would 

improve the device reliability performance because any time a device goes into sleep mode it operates 

at a lower temperature than in full working conditions. However, as mentioned earlier, the average 

operational temperature is not the only factor that should be considered to estimate the impact on 

reliability performance since the temperature variation needs to be taken into account. 

6.1.2 Device operational temperature variation 

It is well known that temperature changes cause material expansion. Devices built of different 

materials, each with a different coefficient of temperature expansion (CTE), will suffer strain and 

fatigue with variable temperature conditions, in particular if the changes happen frequently (thermal 

cycling). This is the case for many components that are soldered together onto one circuit board 

(where components, solder, and board are made of different materials). This phenomenon is modeled 

by the Coffin–Manson formula [99], [100] that describes the effects of material fatigue induced by 

cyclic thermal stress on the lifetime of a component, and predicts the number of temperature cycles a 

component can endure before failing. The Coffin-Manson model, mainly used in machine 

construction, was extended by Engelmeier [101] and Norris-Lanzberg [102] to model the thermal 

cycling effects in electronic devices. 

In a similar way as the Arrhenius acceleration factor, the Norris-Lanzberg acceleration factor can 

describe the effects of temperature changes (both in terms of frequency and amplitude) on the device 

lifetime. The Norris-Lanzberg Acceleration Factor (AFNL) can be calculated using the following 

formula: 

 

 𝐴𝐹𝑁𝐿 =
𝐿𝑟𝑒𝑓

𝐿𝑡𝑒𝑠𝑡
= (

𝑓𝑡𝑒𝑠𝑡

𝑓𝑟𝑒𝑓
)

𝑎

∗ (
∆𝑇𝑡𝑒𝑠𝑡

∆𝑇𝑟𝑒𝑓
)

𝑏

∗ 𝑒
(

𝐸𝑎
𝑘

(
1

𝑇𝑚𝑎𝑥,𝑟𝑒𝑓
−

1

𝑇𝑚𝑎𝑥,𝑡𝑒𝑠𝑡
))

, (9) 

 

where Lref and Ltest represent the mean lifetime of the device in the reference and in test conditions, 

and fref and ftest represent the temperature cycling frequency in the reference and the test conditions, 

respectively. The values of ΔTref and ΔTtest define the difference between the maximum and minimum 

temperatures [K] during a temperature cycle in both reference and test conditions, while Tmax,ref and 
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Tmax,test are the maximum operating temperature [K] in reference and test conditions, respectively. The 

parameters a and b are specific to the device (e.g., for device soldered using SnAgCu (SAC) eutectic 

solder a=0.33, b=1.9 [103]).  

Putting a device in sleep mode will introduce extra transitions between sleep and operational mode 

in addition to those already applied for maintenance purposes. For a standard device with disabled 

sleep mode, fref is relatively small but not null. Enabling sleep mode adds to the already existing 

maintenance cycles and leads to the increase of ftest and, consequently, to the lifetime reduction. 

Other environmental factors can also affect the reliability performance of devices, e.g., humidity 

effects combined with temperature (i.e., corrosion), and could be taken into consideration. However, 

this study focuses on the network equipment working in an environment that is controlled by the 

operator. Therefore only temperature-related effects are considered, while humidity and corrosion 

related effects are excluded from our study. 

Device occupancy can also affect the reliability performance of a device. Earlier in Chapter 3 the 

concept of device reliability profile was introduced describing the relation between device occupancy 

and its reliability performance using reliability profile of an EDFA as an example. As described in 

previous chapter, an energy-efficient scheme can affect the average device occupancy level thus also 

having an impact on its reliability performance. This indirect relation is also important to be 

evaluated. 

6.2 Device reliability performance from an operational cost perspective 

The main purpose of an energy saving approach is to reduce the energy consumption of the devices 

and consequently decrease the network operational cost and reduce the environmental impact. But, as 

mentioned earlier green strategies may have a direct and indirect impact on the device reliability 

performance. Furthermore, any negative impact on device lifetime results in increased failure 

reparation cost. Thus, the savings achieved from energy-efficient approaches may be reduced or even 

totally removed by the possible reliability performance degradation. 

Assessing the benefit of the introduction of energy-efficient schemes in terms of reduced operational 

cost (expressed e.g., in USD) is straightforward. The amount of saved energy can be calculated (in 

kWh) and then multiplied by the cost of energy unit (e.g., USD/kWh) and the savings found.  

However, assessing the impact of a given green approach on the devices reliability performance is 

more complex and needs to be performed in several steps. First, the specific characteristics of the 

energy saving approach (e.g. sleep cycle frequency, the average time a device spends in sleep mode, 

possible change of device occupancy, etc.) that impact the device reliability performance must be 

gathered. However, the actual impact on the reliability performance of a device does not depend only 

on these parameters but it may also depend on other factors. The physical characteristics of the device 

(e.g., materials, device layout design, etc.) may change its vulnerability to the variations of the 

operation conditions. These aspects are very difficult to be assessed without performing experimental 

studies that are costly and time consuming.  

Therefore, another approach is proposed in the thesis. An indicator is introduced to identify the 

maximum allowable reliability performance decrease (Dmax) that a device can sustain before the 

increase in the operational cost due to extra reparations becomes higher than the savings achieved 

thanks to reduced energy consumption. The block diagram shown in Figure 20 presents the steps 

necessary to calculate the value of the proposed indicator. 
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Figure 20. Dmax calculation methodology. 

The details of the calculation are presented in Paper IV and V. This indicator can help identify the 

devices that might introduce high increase of operational cost when their reliability performance 

degrades. 

6.2.1 Maximum allowable reliability performance decrease (Dmax) 

The value of the maximum allowable reliability performance decrease (Dmax) is calculated as the point 

when the cost gain related to the energy saving (ΔCenergy) equals the extra operational cost related to 

more frequent failure reparations (ΔCfailure). Dmax is defined as the maximum reduction of device 

average lifetime, and is expressed in terms of percentage with respect to the standard lifetime value 

(i.e., when no green strategy is used). As average lifetime of a device can also be approximated with 

MTBF (in condition when MTTR<<MTBF), the value of Dmax can be approximated with the decrease 

of MTBF (i.e., 𝐷𝑚𝑎𝑥
𝑀𝑇𝐵𝐹). Dmax and 𝐷𝑚𝑎𝑥

𝑀𝑇𝐵𝐹 indicators (used interchangeably later on) allow to identify 

which devices are the most critical (reparation cost-wise) when energy-efficient schemes are used. A 

relatively high value of Dmax means that, for the device under exam, significant energy saving can be 

achieved without worrying too much about a possible reliability performance decrease. If, on the 

other hand, its value is low, there is a risk that, for the device under exam, a given energy saving 

scheme may not be beneficial from an overall cost perspective. 

The exact value of 𝐷𝑚𝑎𝑥
𝑀𝑇𝐵𝐹 (and thus Dmax) depends on two parameters (for more details please refer 

to Paper IV): the energy related cost saving offered by a particular green scheme (ΔCenergy) and the 

total cost related to the failure reparation (Cfailure) for a given device and over the same period of time 

in which ΔCenergy was measured: 

 

 𝐷𝑚𝑎𝑥 ≈ 𝐷𝑚𝑎𝑥
𝑀𝑇𝐵𝐹 =

∆𝐶𝑒𝑛𝑒𝑟𝑔𝑦

(∆𝐶𝑒𝑛𝑒𝑟𝑔𝑦+𝐶𝑓𝑎𝑖𝑙𝑢𝑟𝑒)
. (10) 

 

The values of ΔCenergy may differ depending on the green algorithm used, the traffic conditions, the 

considered device, the energy cost, and considered period of time. The total cost related to the failure 

reparation (Cfailure) depends on the device reliability performance characteristics, the manpower cost, 

the time related to failure reparation (e.g., repairing a device placed in an outside plant requires the 

technicians to travel), and also possibly the cost of the replacement component. Both ΔCenergy and 

Cfailure linearly depend on time, thus time variable can be removed, and the Dmax becomes time 

independent.  
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In the next sections the value of Dmax is computed for the components that are most used in passive 

fiber access networks and in transparent optical core networks.  

6.2.2 Dmax in passive optical networks 

In access networks, a case study of WDM-PONs serving either residential or business customers has 

been performed. The energy-efficient scenario proposed earlier in Chapter 4 is considered. As the 

energy saving differ depending on the amount of traffic transported over a WDM link, the Dmax 

parameter is studied for different traffic conditions, for two different devices (i.e., ONU and OLT) and 

in different scenarios (business and residential users).  

As shown earlier, Dmax depends on ΔCenergy and Cfailure. The value of ΔCenergy varies as a function of 

the amount of traffic (other parameters are kept constant for all investigated scenarios), while Cfailure is 

calculated as follows. In a scenario with residential customers, Cfailure is relatively low as it includes 

only the cost related to the technicians travelling to the site. In a scenario with business customers, 

Cfailure includes also a penalty cost related to service interruption specified in the SLA. Moreover, the 

penalty cost is related to the number of customers affected by a single failure. For example, a problem 

with an ONU can affect only one customer, while a nonfunctional OLT can disrupt a large number of 

customers. Table 4 shows Dmax computed for three scenarios, i.e., residential customer scenario 

(energy saving scheme applied at the ONU side), and two business customer scenarios (energy-

efficient approach applied at either ONU or OLT side). The value of Dmax is computed in traffic 

conditions that offer the highest energy saving (i.e., no traffic transported on the links). 

Table 4. Dmax in access network scenarios. 

Scenario Dmax 

Residential (ONU) 22.5% 

Business (ONU) 5.3% 

Business (OLT) 1.5% 

 

As expected, the value of Dmax is lower in both business customer scenarios when compared to the 

residential scenario. The minimum Dmax correspond to the case where the energy-efficient algorithm is 

implemented at OLT side. In this case a Dmax of 1.5% does not allow for almost any reliability 

performance degradation. In addition, a lower value of Dmax can be expected for less optimal traffic 

conditions, as Dmax decreases when more traffic is carried over the WDM link. Figure 21 shows the 

variation of Dmax as a function of the link occupancy for the studied scenarios. 

  
(a) (b) 

Figure 21. Dmax in access networks scenarios in function of traffic. 
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The value of Dmax can also be seen as a boundary condition between the cost saving achieved thanks 

to the green strategy and cost loss due to the extra reparation cost. If a given energy-efficient scheme 

leads to a reliability performance decrease lower than Dmax, it can be expected that this energy-

efficient scheme is able to achieve an overall cost saving and it is worth to be considered. A more 

detailed description of the energy and failure related cost calculations are presented in Paper IV. 

6.2.3 Dmax in transparent optical core networks 

Compared to access, core networks include of a large variety of devices, e.g., erbium doped fiber 

amplifiers (EDFAs), optical cross connects (OXCs), reconfigurable optical add drop multiplexers 

(ROADMs), transceivers and regenerators, which makes the evaluation of Dmax more complex. In 

addition, their energy saving performance may vary considerably when energy-efficient schemes are 

used (i.e., some devices allow to save more energy when in sleep mode, other less). To allow for a fair 

comparison the Dmax indicator is computed with respect to arbitrarily predefined relative saving level 

(thr%). Table 5 shows the values of Dmax calculated for different optical network devices when thr% 

is assumed to be 10%. 

Table 5. Dmax for optical core network devices. 

Equipment Dmax (thr% = 10%) 

Transponder 92.0% 

Regenerator 92.0% 

OXC 31.6% 

ROADM 30.9% 

EDFA 2.73% 

 

Transponders and regenerators are able to tolerate a major degradation of their reliability performance 

without a significant impact on the operational cost. ROADMs and OXCs are more sensitive to the 

reliability performance related side-effects, but the value of their maximum allowable reliability 

performance degradation is still acceptable. It can be concluded that, for these components, the impact 

an energy-efficient approach might have on their reliability performance is not a major concern 

because the additional cost related to failure reparation can be compensated by the energy saving. 

However, for EDFAs the value of Dmax is relatively small, i.e., 2.73%, suggesting that there is a high 

risk that energy saving schemes based on setting EDFAs in sleep mode may not be beneficial from a 

network operational cost perspective. For this reason, they must be analyzed in more detail. The next 

section presents a study intended to verify whether or not the green RWA algorithm presented in 

Chapter 5 (i.e., WPA-LR) is beneficial in terms of network operational cost. A detailed description of 

the failure related cost calculation for the optical core devices is presented in Papers VII and VIII. 

6.3  Impact of green RWA on EDFA reliability performance 

EDFA suffer from a relatively low value of Dmax. Therefore, the energy saving approach presented in 

the previous chapter (i.e., WPA-LR) is analyzed in more detail.  

The study takes under consideration several effects impacting the EDFA reliability performance: the 

Arrhenius law modeling a positive impact due to a lower operating temperature, the Norris-Lanzberg 

law modeling a negative impact due to temperature variations, and changes of EDFA occupancy 

levels. First two effects are directly related to putting EDFA into sleep mode, regardless of whether a 

green routing algorithm is used or not, and can be evaluated in comparison to the case where EDFAs 

are not put into sleep mode. The last effect related to the changes of EDFA usage in the network can 
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be observed only when energy-efficient routing is in place and evaluated with respect to reference 

routing approach (in this case the shortest path approach or WPA-LR with α=1).  

The analysis is performed by simulations of the COST239 network under different traffic 

conditions. The simulation parameters are the same as the one used in the performance evaluation 

presented in Chapter 5. There is only one difference, i.e., for lightpath provisioning WPA-LR now 

uses a wavelength plane approach instead of one based on the k-shortest paths. This choice is made to 

assure that a lightpath is always provisioned if a route with a free wavelength exists in the network, 

which is not guaranteed by the k-path approach. During the simulation the following indicators are 

measured in addition to the ones already introduced in Chapter 3: the amount of time each EDFA 

spends in sleep mode and the number of state transitions for each EDFA. These measurements are 

needed to compute the EDFA reliability performance variations. 

The impact of green routing due to increased link occupancy is evaluated in comparison to the 

shortest path approach (i.e., WPA-LR with α=1) where no energy-efficient routing is performed. 

Figure 22 presents the benchmark curves D’max and two impact curves D’. Both D’max and D’ are 

presented for two values of α (0.5 and ≈0). D’max defines the threshold condition for EDFA lifetime 

decrease above which having a green routing in place is not anymore economically beneficial because 

the extra reparation cost compared to the SP case cannot be covered with the benefit related to the 

energy saving offered by energy-efficient routing. D’ represents the calculated indirect impact 

(decrease) on EDFA’s mean lifetime caused by increased link occupancy compared to the SP 

scenario. 

  

Figure 22. EDFA lifetime decrease caused by occupancy changes (D’), and the maximum  

allowable lifetime decrease related to the green routing only (D’max). 

It can be observed that, for all values of α, D’ is comparable with D’max. In some cases, i.e., for load 

higher than 120 Erlangs and with α≈0, the EDFA lifetime decrease is higher than the allowable one 

achieved from the energy saving. For other values of load and α, D’ is always higher than one third of 

D’max.  

Figure 23 shows the direct effects of putting EDFA into sleep mode as a function of network traffic 

for three different values of α for the WPA-LR algorithm (1, 0.5 and ≈0). The Dmax curves represent 

the maximum allowable impact on EDFA lifetime (i.e., decrease). The D curves depict the calculated 

impact on EDFA lifetime (also decrease) from putting the devices into sleep mode. As it can be seen 

from Figure 23, the total decrease of EDFA lifetime (D) is significant and much higher than the 

maximum allowable one (Dmax).  
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Figure 23. EDFA lifetime decrease (D), and maximum allowable decrease (Dmax). 

Figure 23 also highlights the negative effect of frequent temperature variations on the reliability 

performance decrease. When α=1 no energy-efficient routing is implemented (i.e., WPA-LR behaves 

in the same way as shortest path) and energy is saved only by putting unused EDFAs in sleep mode. 

In such scenario EDFAs may frequently change their state from sleep to active and vice versa, thus 

the impact on EDFA lifetime (D) is the highest. When green routing is applied (i.e., 0<α<1) EDFAs 

tend to stay in the same operating conditions longer (i.e., WPA-LR tries to use as much as possible 

network resources already in use, leaving the ones in sleep mode untouched). As a result the 

difference between D and Dmax diminishes for decreasing values of α. 

The presented findings show that sleep based energy-efficient algorithms may impact directly and 

indirectly the reliability performance of the devices in such a way that the cost saving related to 

reduced energy consumption are lower than the possible loss caused by increased failure reparation 

cost. More details on the performed study can be found in Paper VII. 
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Chapter 7  

Conclusions and future works 

This chapter summarizes the main contributions of the thesis and draws a number of conclusions 

about the performed works. Then, the chapter is concluded with some possible directions for future 

work. 

7.1 Conclusions 

Although sleep-based energy-efficient algorithms provide benefit in terms of energy saving (i.e., the 

objective for which they are designed for), they can also cause a non-negligible impact on a number 

of network and/or device performance parameters. By addressing this problem in detail, this thesis 

provides a different perspective on the outcomes of sleep-based green schemes in optical networks. In 

the thesis, several trade-offs are identified with respect to the achievable energy saving levels such as 

increased packet delay, higher lightpath blocking probability, and deterioration of reliability 

performance of some devices. These effects are examined in detail in both fiber access networks 

(considering in particular passive optical networks (PONs)) and transparent optical core networks. 

More specifically, in the case of PONs, the thesis shows that saving energy by putting transmitters at 

optical line terminal (OLT) and/or at optical network units (ONUs) into sleep mode can negatively 

impact the packet delay performance. This aspect is particularly important in the presence of services 

with strict packet delay constraints. The work in the thesis considers an LTE mobile network backhaul 

using a wavelength division multiplexing PON (WDM-PON), a scenario in which the delay 

requirements for the S1 or X2 interfaces are usually very demanding. In this respect the thesis 

presents and evaluates a novel sleep-based energy-efficient approach able to precisely control when 

the optical transmitter of the OLT and/or of the ONUs can be set to sleep or needs to be woken up. 

The objective is to maximize the time spent in sleep mode while ensuring that the packet delay is 

below a given threshold. The proposed scheme is also able to take into account the diverse delay 

requirement of multiple traffic classes by adapting the wakeup time of the transmitter. Simulation 

results confirm that the proposed scheme can improve the energy efficiency in WDM-PONs while 

maintaining acceptable levels of the maximum packet delay. 
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This thesis also shows that sleep-based energy-efficient lightpath provisioning algorithms developed 

for transparent optical networks can increase blocking probability of connection requests. For this 

reason, a part of the work in the thesis is devoted to propose a new green dynamic lightpath 

provisioning strategy, called weighted power-aware lightpath routing (WPA-LR), which, in 

contrast to other green strategies proposed in the literature, allows for the fine tuning between 

two objectives: maximizing energy saving and minimizing resource usage. The evaluation work 

presented in the thesis confirms that high energy efficiency and low resource overbuilt are two 

conflicting objectives, i.e., green provisioning causes an increase of the average lightpath length 

and of the network resources utilization level, leading to higher network blocking probability 

values.  

As the third contribution the thesis explores the impact of sleep-based green algorithms on the 

reliability performance measured in terms of device lifetime of some optical devices in both optical 

core and access networks. It is found that changes in the environmental conditions (e.g., temperature) 

in which device operates as well as changes in the device occupancy levels (e.g., as a result of the 

application of a green routing strategy) can decrease the device lifetime and consequently increase 

network operational cost related to failure reparation. For this reason it is very important to 

understand whether or not an energy-efficient scheme is beneficial from the cost perspective. In this 

respect the thesis proposes a methodology that can be used to assess the devices and the conditions 

under which the savings derived from applied a green strategy are not sufficient to cover extra 

reparation cost. The proposed methodology is also used to identify such devices and to better 

highlight how sensitive they are to frequent changes of the operating conditions due to putting into 

sleep mode. It is found that in fiber access networks, and for business customer scenarios, a small 

variation of the lifetime of an OLT or of an ONU can bring significant penalties that cannot be 

covered by the profit related to energy saving. In core optical networks, the most critical device in 

terms of lifetime variations is the erbium doped fiber amplifier (EDFA) because of its high reparations 

cost. Even a small decrease in the EDFA lifetime can become critical from the network operation cost 

point of view. For this reason it can be concluded that the use of energy-efficient routing and 

wavelength assignment (RWA) algorithms may not always be beneficial from the overall operational 

cost perspective. 

The work presented in this thesis shows that the implementation of sleep-based energy saving 

approaches in optical networks may not always be beneficial and that their impact on the network 

performance must be taken under careful consideration. In some cases it might happen that 

application of a green approach is not beneficial at all for an operator.  

7.2 Future works 

The set of studies presented in this thesis can be further extended in several different directions. In 

case of fiber access networks the thesis discusses the trade-offs between energy-efficiency and packet 

delay. However, packed delay is not the only traffic related parameter that could be considered. 

Packet delay variation (i.e., jitter) is also an important aspect to study. In fact, the green scheduling 

approach presented in Chapter 4, although able to meet the maximum packet delay constraints, may 

not always ensure very strict jitter requirements. However, by changing the order in which the 

aggregated packets are transmitted, the jitter can be kept under control. Further studies in this 

direction need to be done but the preliminary works allows to expect that it is possible to also control 

the jitter to a certain level without sacrificing the energy saving achievable by the scheme presented in 

Chapter 4.  
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In case of optical core networks, the proposed study can be extended to cover other effects on 

network performance parameters that were not addressed in the thesis. For example, longer lightpaths 

may experience signal quality degradation, thus limiting the choice of possible signal modulation 

techniques, and consequently, limiting the possible achievable bitrate. Moreover, longer lightpaths 

might be more susceptible to fiber cuts, thus negatively impacting their reliability performance in 

terms of lightpath failure probability. Furthermore, the increase of average lightpath length and 

average link occupancy can have an adverse effect on optical impairments such as cross phase 

modulation or four wave mixing.  

As it was shown in the thesis, green approaches applied in optical core networks (i.e., WPA-LR) 

affect the reliability performance of EDFAs causing an increase in the operational cost. In very 

general terms one of the main reasons is that the higher is the occupancy level of an EDFA, the higher 

is the decrease in its lifetime. It would be interesting to study a provisioning approach that limits this 

decrease as much as possible or even aims at increasing the lifetime of EDFAs.  

The evaluation of the side-effects of sleep-based energy-efficient strategies presented in the thesis 

can be further adjusted and extended to other domains of ICT where sleep based green algorithms can 

be proposed. 
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Chapter 8  

Summary of the original works 

In this chapter the publications included in the thesis are presented together with a brief summary of 

author’s contribution in each paper.  

 

Paper I: P. Wiatr, P. Monti, and L. Wosinska, “Green lightpath provisioning in transparent WDM 

networks: Pros and cons,” (Invited paper), IEEE 4
th

 International Symposium on Advanced 

Networks and Telecommunication Systems (ANTS 2010), Mumbai, India, December 2010.  

This paper provides a new insight to the energy aware routing and wavelength assignment (RWA) problem. It is 

shown that energy-efficient RWA strategies might have a negative effect on the network blocking probability. A 

novel energy-efficient RWA approach is proposed and tested using a reference European network (COST239). 

Performance evaluation confirms the presence of a trade-off between power saving and blocking probability. 

Contribution of the author: Original idea, development of the simulator, implementation of the proposed 

approach, collection of the simulation results, results interpretation, preparation of the first draft, and updated 

versions of the manuscript. 

 

Paper II: P. Wiatr, P. Monti, and L. Wosinska, “Power savings versus network performance in 

dynamically provisioned WDM networks,” IEEE Communications Magazine, vol. 50, no. 5, pp. 

48-55, May 2012. 

In this paper, similarly to the work done in Paper I, a new point of view on the benefit of energy aware routing 

and wavelength assignment (RWA) strategies is presented, more specifically the negative effects that green 

RWA may have on network performance are analyzed. In this work, not only blocking probability is studied but 

also other key performance parameters such as average path length and link occupancy are considered. The 

RWA strategy under exam, referred to as weighted power aware lightpath routing (WPA-LR), is evaluated in 

two reference networks, i.e., European COST239 network and American NSFNET. Simulation results show that 

when an energy-efficient lightpath provisioning strategy is used, the chosen paths are on average longer, the 

network resource utilization is increased and finally the network blocking probability is considerably higher. 

Contribution of the author: Original idea, development of the simulator, implementation of the proposed 

approach, collection of the simulation results, results interpretation, preparation of the first draft, and updated 

versions of the manuscript. 
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Paper III: P. Wiatr, J. Chen, P. Monti, and L. Wosinska, “Green WDM-PONs: Exploiting traffic diversity 

to guarantee packet delay limitation,” IEEE 17
th

 International Conference on Optical Network 

Design and Modeling (ONDM 2013), Brest, France, April 2013. 

In this paper a scheme tailored for wavelength division multiplexing passive optical networks (WDM-PONs), 

which employs dozing mode in transceivers not only at the user side but also at the central office is proposed. 

The objective is to reduce the energy consumption while minimizing the impact on the total packet delay. The 

proposed scheme is able to take into account the diverse delay requirement of multiple traffic classes by 

adapting the wakeup time of the transmitter. Simulation results confirm that the proposed scheme can 

significantly improve the energy efficiency in WDM-PONs while maintaining the maximum packet delay at an 

acceptable level, in particular in cases where multiple traffic classes are considered. 

Contribution of the author: Original idea, development of the simulator, implementation of the proposed 

approach, collection of the simulation results, results interpretation, preparation of the first draft and of the 

updated versions of the manuscript, preparation of the Power Point presentation slides, and presentation of the 

manuscript during the conference. 

 

Paper IV: P. Wiatr, J. Chen, P. Monti, and L. Wosinska, “Energy saving in access networks: Gain or loss 

from the cost perspective?,” (Invited paper) IEEE 15
th

 International Conference on Transparent 

Optical Networks (ICTON 2013), Cartagena, Spain, June 2013. 

This paper discusses how sleep mode based energy saving mechanisms can impact the reliability performance of 

network equipment by pointing out several physical phenomena that may lead to reduction of the device lifetime 

and, consequently, to the network operational cost. A methodology to quantify the cost related effects is 

proposed and discussed in detail. The maximum allowable reliability performance (mean time between failures 

(MTBF)) decrease that defines the highest MTBF decrease that can be accepted without incurring in an overall 

network operational cost increase is introduced. A number of simulative studies on an fiber access segment are 

performed. The studies show that the cost saved by reducing the energy consumption (i.e., as the result of a 

power efficient mechanism) may be easily overcome by the extra expenses related to reparation of network 

equipment and penalty related to service interruption for business users. 

Contribution of the author: Original idea, development of the simulator, implementation of the proposed 

approach, collection of the simulation results, results interpretation, preparation of the first draft and of the 

updated versions of the manuscript, and preparation of the Power Point presentation slides. 

 

Paper V: P. Wiatr, J. Chen, P. Monti, and L. Wosinska, “Energy efficiency and reliability tradeoffs in 

optical networks,” (Invited paper), Optical Fiber Communication Conference, (OFC 2014), San 

Francisco, USA, March 2014. 

This paper discusses the impacts of sleep based energy saving approaches on the device reliability performance 

and on the network operational cost related to failure reparation. A trade-off between the energy saved by a 

green strategy and the extra expenses deriving from a shorter lifetime of one or more network components is 

discussed in detail. The maximum allowable reliability performance decrease (parameter introduced in Paper 

IV) is evaluated for optical core devices. It is found that the erbium doped fiber amplifier (EDFA) is the most 

vulnerable device to the possible reliability performance degradation caused by algorithms utilizing sleep-mode 

functionality. Thus, the lifetime variation of EDFAs are evaluated in a network scenario where the green routing 

and wavelength assignment (RWA) algorithm described in detail in Papers I and II, i.e., weighted power aware 

lightpath routing (WPA-LR), is considered. The results show that the cost benefit obtained by WPA-LR may be 

easily overtaken by the decreased EDFAs lifetime (i.e., by additional reparation cost). In fact the maximum 

allowable reliability performance degradation of the EDFAs in the network scenario under exam was found to 

be low.  

Contribution of the author: Original idea, development of the simulator, implementation of the proposed 

approach, collection of the simulation results, results interpretation, preparation of the first draft and of the 

manuscript and preparation of the Power Point presentation slides. 
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Paper VI: L. Chiaraviglio, P. Wiatr, P. Monti, J. Chen, L. Wosinska, J. Lorincz, F. Idzikowski, and  

M. Listanti, “Impact of energy-efficient techniques on a device lifetime,” (Invited paper), IEEE 

Online Conference on Green Communications (GreenCom 2014), November 2014. 

The paper focuses on the impacts that sleep based energy-efficient techniques have on the device reliability 

performance in optical backbone networks. The study considers in particular the influence on erbium doped 

fiber amplifiers (EDFAs). The paper proposes a model that estimates the failure rate acceleration factor as a 

function of: (i) the sleep mode duration and frequency a device is switched into sleep mode, and (ii) hardware 

parameters that characterize the device. The proposed model is then evaluated by considering an energy-

efficient routing and wavelength assignment (RWA) strategy that targets saving energy by putting EDFAs into 

sleep mode. The results presented in the paper show that energy-efficient techniques may potentially reduce the 

failure rate of EDFAs. However, this is true only under specific conditions, i.e., an energy-efficient strategy 

needs to be carefully planned in order to avoid frequent power state transitions, which will easily result in 

shortening the lifetime of an EDFA. 

Contribution of the author: Contribution to the original idea, development of the simulator, collection of the 

simulation results, results interpretation, contribution to the manuscript and its multiple review. 

 

Paper VII: P. Wiatr, J. Chen, P. Monti, and L. Wosinska, “Energy efficiency versus reliability in optical 

backbone networks,” (Invited paper), IEEE/OSA Journal of Optical Communications and 

Networking, vol. 7, issue 3, pp A482-A491, March 2015. 

The paper discusses the impact of energy-efficient strategies on the reliability performance of optical backbone 

devices and presents a number of models aimed at estimating the reliability performance changes of a device as 

a function of its average working temperature, temperature variations, and of its average occupancy. The study 

at the component level shows (as was also preliminarily identified in Papers V and VI) that the erbium doped 

fiber amplifier (EDFAs) is the most vulnerable device in terms of lifetime reduction when set to sleep mode by 

an energy-efficient scheme. Thus, the possible degradation of EDFA reliability performance caused by applying 

the weighted power aware lightpath routing (WPA-LR) strategy (defined in Paper I and II) are evaluated in 

detail. The simulation results show that there might be instances in which having EDFA in sleep mode can cause 

an increase of operational cost that is higher than the cost benefit deriving by the energy saved. Therefore, it can 

be concluded that the use of energy-efficient routing algorithms based on setting EDFAs in sleep mode may not 

always be economically beneficial.  

Contribution of the author: Original idea, development of the simulator, implementation of the proposed 

approach, collection of the simulation results, results interpretation, preparation of the first draft and of the 

updated versions of the manuscript. 

 

Paper VIII: L. Chiaraviglio, P. Wiatr, P. Monti, J. Chen, J. Lorincz, F. Idzikowski, M. Listanti, and  

L. Wosinska, “Is green networking beneficial in terms of device lifetime?,” IEEE 

Communications Magazine, vol. 53, no. 5, pp. 232-240, May, 2015. 

This article analyzes the impact that sleep mode based green strategies have on the reliability performance of 

optical and cellular network elements. First, it is shown how operational temperature and temperature variations 

impact devices lifetime. Then, a model to evaluate the impact on device lifetime operating in the network is 

proposed. The model considers the device lifetime influenced by both the hardware parameters (depending on 

the specific design of the device) and the sleep mode related parameters (depending on the energy-efficient 

algorithm used, the network topology, and the traffic variations over time). Two case studies are performed, i.e. 

considering optical backbone and cellular network, for evaluation on the network level. The results show two 

important findings. First, the changes in the operational temperature and the frequency of their variation are two 

crucial aspects to consider while designing a sleep-mode based green strategy. Second, the impact of a certain 

sleep-mode based strategy on the lifetime of network devices is not homogeneous (i.e., it can vary through the 

network). 

Contribution of the author: Contribution to the original idea, development of the simulator, collection of the 

simulation results, results interpretation, contribution to the manuscript and its multiple review. 
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Book chapter:  P. Monti, C. Cavdar, I. Cerutti, J. Chen, A. Mohammad, L. Velasco, P. Wiatr, and  

L. Wosinska, Chapter 15: “Green optical networks: Power savings versus network 

performance,” of the book “Green communications: Principles, concepts and practice,”  

John Wiley and Sons, 2015. 

The work presented in this chapter discusses the trade-off between energy saving and packet delay in 

wavelength division multiplexing passive optical networks (WDM-PONs) (a summary of the results presented 

in Paper III) and the trade-off between energy saving and network blocking probability (a summary of the 

results presented in Papers I and II). In addition, the chapter presents trade-off between energy efficiency and 

the quality of transmission of optical connections in WDM core networks. 

Contribution of the author: Preparation of the first draft of the manuscript based on the previous published 

articles. 
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