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1. Introduction

Environmental sustainability has become an imporsacial and business movement in the past yearsto@er
demand for environmentally sustainable solutiorssihereased and tougher regulations are being edolpt March
2007, the European Council endorsed objectivegadicing Europe’s greenhouse gas emissions by 2084 the
1990 levels by the year 2020 [1]. For some opesatarergy related costs, contribute to 50% of thisvork
operating expenses, indicating great potential dnergy efficiency [2]. The information and commuation
technologies (ICT) sector today accounts for 2-202% the global CO2e emissions and this is expetdetbuble
by 2020 [2]. However, the ICT (Information and Coomitation Technologies) sector is also regardech as
potential solution to global climate change andeg for shifting to a carbon lean lifestyle. Withetplentitude of
architectural solutions for broadband access nédsvitris important to understand the relationshipateen access
network architecture and power consumption. Existinchitectures have been considered in [3]. Ia Work we
identify some general relations between networkitecture and network power consumption. In pakiicuve
consider location of active equipment in the acoetw/ork and extrapolate to future architecturetsahs.

2. Model for access network power consumption

A simplified access network model is consideredomder to gain insights on architectural aspectpoiver
consumption. A hierarchical model consisting ofethtevels is considered where Node 1 is the figgregation
point closest to the subscriber. In this work weu®on network power consumption excluding custopnemises
equipment (CPE) which is assumed to be similardifferent architectures. Furthermore, we only cdasiraw
power equipment consumption at the DC input (el8.\). Total site power consumption including réetilosses
and climate system consumption is obtained by plidétion by a site factor (~1.7). For the futulieadission, we
assume for simplicity that the split is equaMat all nodesNl;= M,= Ms=M).

Node 1

Figure 1: Schematic access network model wligiie capacity andiA,, is split.

For access systems, power consumption per subsceeliects network power consumption. In our model,
power consumption per subscriber is given by

p(M) = R | P(M) | P(M)
M M M
where power consumption of each node can be momﬂ(M) = an +m,. Note that power consumption
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per node in our model increases linearly with nundieconnected ports. The coefficielkts(increase per line) and
m, (baseline) are technology dependent. This simpbeaihdisplays two important facts. For active equent
further from the subscriber and higher in the nekalerarchy, power consumption is shared amongenusers,
leading to a reduced contribution to the networlv@oconsumption. At the same time, for equipmeghér in the
network hierarchy, increased capacity is requikealing to increased per node power consumptioncélewhich
part of the access network that dominates poweswaption depends on the detailed balance betweespth ratio
at each network level and the increased node poaresumption due to increased capacity requirements.

As a reference system we consider a point-to-p(2P) access network with Fast Ethernet (FE) access
(C;=100 Mbps) to subscribers. Aggregation from Node Node 2 is through giga-bit Ethernet (GbE) wit}xC
Gbps. Aggregation from Node 2 to Node 3 is 10GbE=10 Gbps). For the considered P2P system we natddh
each step higher in the network hierarchy, the remab users sharing a node increases by a fadtamile the
capacity increases by a facthr10. The increased capacity leads to an increasdé power consumption as
illustrated in Table 1. Table 1 shows how the poe@mrsumption parametetg, andm,, depend on technology. The
parameters for Node 1 and 2 were extracted fronEtbeode of conduct for 2010 [4]. Using the extedcpower
consumption coefficients we calculate the netwookv@r consumption per subscriber and per level (eida).
Figure 2b shows the relative power consumptiorhefdifferent levels. Note that for any reasonabplé satio, the
network level closest to the subscriber represtirgdargest contribution to the power consumptianconclusion,
for the considered P2P system, when comparing p@easumption of different network levels, we nobatt
reduction of power consumption due to increasei spmore significant than the increase in powensumption
due to higher capacity. Efforts to reduce powerscomption should therefore target level 1 in theeasc
architecture.
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Figure 2. Graphs show for P2P access, (a) netveod bind total power
consumption per subscriber depending on $foliand (b) relative size of
power consumption for different network levels degiag onM.

4. Passive optical networks

Ideally the active equipment at level 1 is remov€lis scenario is enabled by passive optical netsvgPON)

which provide a powerful point-to-multipoint solati to the increasing capacity demand in the acpessof the

communication infrastructure. A PON consists ofagutical line terminal (OLT) located at the providesntral

office and a number of optical network terminal$\{3) at the customer premises. The ONTs are coeddotthe
OLT via a single fiber which is fanned out by a gi@s optical splitter to each connected ONT. Inberfto-the-

home (FTTH) arrangement the passive splitter reglabe active equipment at level 1. As a penalitydeN2

requires increased functionality leading to inceeapower consumption. Again we are presented witade off

related to the placement of active equipment (avgraconsumption) in the access architecture. Arainagre note
that by moving power consuming functionality highgr in the network, total power consumption is daesed as
seen by comparing Figure 2b and Figure 3. PON dinices a number of important changes to the netwidrk.

PON provides giga-bit links to the subscriber. Hereven though the P2P and PON networks may bendioreed

for the same average traffic load, PON providespstipfor increased peak rates. In addition, a laageunt of
broadcast traffic can be put in the system as sabhcriber has giga-bit capable connections.
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5. Next-generation networks

Considering the fact that over-all power consumpi® decreased by moving active functionality highp in the
access network architecture, how should future igeioes of access networks be constructed? Twonpate
solutions will here be discussed. The natural cariion of PON, is to increase the line rate amptiee Node 2 by
another passive splitter with a penalty of increlagewer consumption at Node 3 (Table 2). This smtufurther
increases the peak rate service to 10 Gbps. Dlisnits in the optical budget, the solution is howewot feasible
without use of reach extenders (RE). Several smigtifor reach extension exist such as semicondugitical
amplifiers (SOA), optical electrical optical consEm (OEO), and remote protocol termination (RRI§nce, some
active equipment must remain at Node 2. Reach dgtsrare here used both for increasing the readhhansplit.
Depending on RE solution the architecture allows different degrees of power consuming functioyald be
moved from Node 2 to 3. Figure 3 presents resulisguestimates for OEO as RE and power consumptdres
from [4] for current generation multiplied by a fac(010c.poy representing the increased power consumptioheof t
OLT due to the increased line rate. This factor wasacted from [4] for the P2P OLT. We have asslirae
maximum TDM split of 128, corresponding M =+/128=11.3. The second solution is a hybrid wave-length
division multiplexing (WDM) / time-division multigxing (TDM) PON, with the conventional PON linegabut
where the OLTs are moved to Node 3, and Node @gkaced by a passive AWG (Table 2). This solutequires
less degree of power amplification. However, itgloet increase the TDM split and peak rate in trstesn as the
previous scenario and service for a givighis comparable to service within the original POMhé#ecture
considered in section 4 for the saiMe Figure 3 presents results using values for TDMNFitom [4] where the
maximum WDM split is assumed to be 32. Note thas ®olution potentially would benefit more than @th
solutions from future photonic and electronic imtdigpn with reduced PON port power consumpti@Roirom-pon)
not included in Figure 3. Hence, results preseiteligure 3 show a comparison of the worst-caseaes for
PON OEO and hybrid WDM/TDM PON. The future powensomption of these architectures will depend on the
evolution of power consumption for a 10G-PON potiyé.roy and a WDM/TDM PON port ogypomrom-pon) iN
terms of current generation PON [4] with futurectlenic and photonic integration.
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. Figure % Comparison of configuratio
5. Conclusions

PON is a favorable access technology in terms @fepefficiency. This can be understood in term$oohtion of
active equipment in the access network where PQidsldo benefits in terms of power savings of etettr
integration. We extract some basic principles fower efficiency in access networks and extrapotatéuture
network scenarios including long-reach TDM PON witbreased split and hybrid WDM/TDM PON. Both long-
reach TDM PON with increased split and hybrid WDRNI PON show potential for improved power efficiency
through electronic and photonic integration.
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