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Abstract: This paper evaluates what are the conditionsgrimg of increased overhead time and number ofaptic
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1. Introduction

Site reduction (also known a®de consolidatiop is a technique by which a number of Central i (COs) are
replaced by a single one. Operators are strongipating site reduction to simplify the operatiocamplexity of
their networks [1][2]. On the other hand, site retibtn introduces a significant challenge in ternmisange service
area coverage. Long Reach Passive Optical Netw(rRsPONs) are a promising solution for enabling CO
consolidation, thanks to their extended reach, (up.to 100km and beyond) and increased numbepmfiected
users (i.e., a thousand or more) [1][3]. Node cbdation also helps in decreasing the overall epeansumption
of the network by reducing the number of energygmurCOs. However, the need for active componenteach
longer distances and to compensate for highertigglitatio might, in turn, increase the power usafeerefore,
energy-efficient solutions are needed in LR-PONvel.

Standardization authorities so far have focused ttéention on reducing the energy consumptiorTiofie
Division Multiple Access (TDMA) PONSs [3]. ITU-T plished a standard supplement (i.e., ITU-T G.Suphg}
defines energy efficient functions mostly basedcgales of bn’ and “off’ periods of the Optical Network Unit
(ONU) at the customer side [4]. IEEE published BBEE 803.2az standard, known as Energy EfficiemeEtet
(EEE), in which Ethernet interfaces (up to 10Gloém) be set to sleep if low traffic conditions axperienced on a
point-to-point link.

Despite many existing energy-efficient solutions #@cess networks in the literature, there hasbeeth much
work focusing on how to address the energy consiompgsue in LR-PONs. For example in [5], an eneaghare
planning approach is proposed for ring-and-spurA®Ns, where power savings are achieved by improving
resource utilization, hence decreasing the numb#nansceivers, based on different types of uséabers (e.g.,
business and residential users have distinct daihdwidth demand profiles). However, to the beghefauthors’
knowledge, the applicability of schemes based easmode to LR-PON has not been investigated yet.

This paper focuses on sleep mode based schememalydes their performance when utilized in LR-POINs
particular, thecyclic sleep mode with service based variable slpegod (SB-cyclic sleep) scheme [6] is
considered. Such scheme maximizes the sleep tiare @NU while guaranteeing the service delay remouént.

2. Applicability of Cyclic Sleep M ode with Service Based Variable Sleep Period in LR-PON

The concept of service-based variable sleep pesiad first introduced in [7] to save energy in ONWhile

avoiding service degradation in the presence dfidravith requirements on performance (e.g., deldg).this

approach, each Class of Service (CoS) is assignggeeific sleep period. If one ONU subscribes totiplel

services with different CoS, the sleep period ef thost demanding class is selected. The objecfitleistrategy
is to maximize the energy savings while providirgfprmance guarantees to the services subscribé¢deb@NU.
However, the scheme proposed in [7] does not defingethod for computing the sleep time as a funatibthe
services subscribed by the ONUSs.

The SB-cyclic sleep is based on the Sleep and derfiake-up (SPW) (i.e., fast sleep) method progasd7]
and it can be applied to any type of TDMA based P@N., GPON, EPON, and hybrid Wavelength Division
Multiplexing (WDM)/TDMA PON. In SPW, the choice gfutting an ONU to sleep is based on the estimated
downstream traffic arrival rate. Sleeping cycles taggered by the Optical Line Terminal (OLT) by ams of a
specific field in the control messages sent to tN&JOcalled sleeping tim&, whose value is either greater than or
equal to zero. In the former case the ONU is sstdep for a period equal to the valueTgf while in the latter case
the ONU is forced to stay awake. SB-cyclic slegfizes the same control method of SPW and uses dehaf a
polling system with gated service policy to comptie If one OLT and one ONU are considered, the marimu
tolerable average delay, ™ can be computed as the minimum of the averageysielhall the services that the
ONU is subscribed to. Then the polling system vgttted service policy model is utilized to obtain exjuation
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relating the maximum tolerable delay, the sleeflignand the PON parameters, such as propagation betexgen

OLT and ONU (i.e., Round Trip TimRTT), average service tin S for the frame transmission, and overhead time
Ton (i.e., the time for transition from sleep to aetimode including synchronization) [6]:

Ty = 2(quax -S-RTT)-Toy (1)
When more ONUs are considered, this paper dealsavitimplified scenario in which downstream trarssiain is
based on fixed TDM scheduling and the sleep fitpés constant. Therefore, each ONU is active durtagoivn
time slot T (i.€., TSN, whereT; is the cycle time andl is the number of the connected ONWd)ile it sleeps
during the slots reserved to other ONUSs. In thisnstio the energy efficienoy is defined as the percentage of
energy saved by utilizing sleep mode with respectat utilizing it:
E-E E P,YN-1 T
n= =1-2H =2 2
E P, N T

wherePy, is the power consumed when the ONU is aslBgfs the power consumed when the ONU is active.

3. Evaluation Scenario and Results

The utilization of SB-cyclic sleep in LR-PON hasebesimulated using the OPNET Modé&lezvent driven
simulator. For the sake of simplicity only one ONldd one OLT are considered. The considered CoSteaiid
characteristics are summarizedTiable 1. Data frames are assumed to arrive to the OLT aiitlinter-arrival time,
which is negative exponentially distributed, thenerating a Poisson frame arrival process. Sendta rates are
generated by combining the frame arrival rate andrestant frame size of 1250 bytes for all the weTed service
types. Simulations are run by utilizing one soupss service. InTable 1, two sets of delay constraints are
considered. The set of ITU-T delay values is takem [8] where an end-to-end connection (i.e., udahg
backbone, aggregation and access segments) iglecedi ITU-T delay can be, therefore, consideredragpper
bound on the delay constraint. The set of OASEydedduess extracted from the delay requirement of an end-t
end connection and corresponds to one access se¢t®dnP, and P, are assumed to be 1W and 10W,
respectively.

Table1 CoS and constraints

Servicetype QoS Class Service ITU-T delay [mg] OASE delay [ms] Data Rate[b/s]
Web Browsing 5 Best effort Unspecified 200 30.4k
Internet Relay Chat 3 Transactiona 400 100 1k
Multimedia on Web 4 Streaming 1000 40 28.8k-500k
Voice over IP 0 Real time 100 5 5.3k-64k

In Figure 1 the energy efficiency is plotted as a functiorthef PON reach. The considered reach values go2fbm
km to 100 km. Moreover the strictest delay constga(i.e., Voice over IP) in both the ITU-T (wheng ;"= 100
ms) and the OASE (whei,,"*= 5 ms) set are considered. Results show thateirfdimer case the reach has a
negligible impact on the achieved energy efficiemdyile in the latter case the reach heavily affdbes energy
efficiency. This is due to the fact that the reecHirectly proportional to thRTTas summarized by Eq. (1), i.e., an
increase in reach has a higher impact on the die®p (i.e., the energy efficiency) if th&,"* is small, (i.e.,
W, "=W, ™). Figure 2 shows the energy efficiency as a functiorTef (that varies in the [0,2] ms range), and of
the reachRTT with a W;"™=W,,"™ Results show that an increase in overhead time, (&n increased
synchronization time) is more detnmental than acheincrease. In all the considered simulationscgtiic sleep
scheme can easily satisfy the required averagg delsstraint.

In

Figure 3 andFigure 4 energy efficiency as a function of the number dfli3 (# of ONUS) is plotted based on Eq.
(2) with a fixedT.=2ms,Tox=0.5ms and a capacity of 10Gb/s. Although

Figure 3 shows an increase in energy efficiency, such as@és due to a smaller time slot in each cycleQiéu.
Therefore, for extremely high valuesfmost of the time spent by the ONU is for synchratian purposes rather
than for data transmission. Thus the bandwidtlzatibn per cycle is significantly affected as simawFigure 4. A
smaller slot time implies performance degradatiem,., higher packet loss if the OLT has a limitadfdr or
increased delay in case of infinite buffer.
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Figure 2 Energy efficiency as afunction of overhead time
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Figure 3 Energy efficiency as afunction of the
number of ONUs

4. Conclusion

This paper evaluated the energy savings achievahl&?-PONs by the utilization of cyclic sleep modrResults
showed that by employing the SB-cyclic sleep schémER-PON it is possible to guarantee serviceshwite
requested delay constraints and achieve noticeatdegy savings. However, the reach might heavilyaoh these
savings if the delay constraints are strict andtiime to regain clock synchronization by the ONUWeafa sleep
period is large. Moreover, if sleep mode is combBingth fixed downstream bandwidth allocation thepimvement
in energy efficiency, as the number of ONUs incesass due to a smaller time slot per cycle whike ®NU spends
always the same time for regaining clock synchration. This implies that an increase in the nunife©ONUs
decreases the energy consumption per ONU but &xbenses of a decreased bandwidth share, higterdte and
delay.
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