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Abstract: We compare the cost-efficiency of optical netwobkesed on mixed datarates (10, 40,
100Gb/s) and elastic technologies. We show elastiovork bring up to 37% lower cost, in

particular for high loads and dynamic scenarios.
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1. Introduction

Progress in technology of optical cross-connecGand the reach of long-haul transmission systemse
enabled the development of core optical networksviinch optical signals are never converted to tleetdcal
domain at intermediate nodes of a path (transparetwtork) or only when deemed necessary for regeioer or
grooming purposes (translucent networks). Theskitantures are significantly cheaper and more gnefficient
than the opaque networks that preceded them.

Translucent networks may transport demands oveelwidifferent length scales and optical signals rttays
experience very different amounts of physical immpaints (ASE noise, filtering from cascaded OXC, -non
linearities). Combining low-capacity long-reach hals with high-capacity short-reach channels ltasgn itself
an efficient way of handling these various lengtalas as well as the wide range of capacity demérats tenths
to tens of Gb/s) [1].

Mixed-rate networks relying on different technolegjifor each datarate have been extensively stuatied
deployed, for instance using 10Gb/s On-Off Keyi@PK) and 40Gb/s Differential-Phase Shift Keying &8.
These networks benefit fully from the price erosaimmature technologies, in particular the very loest of low-
datarate connections. However, they leave verle littace for reconfiguration [2] and conflictinggrérements
between different generations of technologies niigard to use all datarates at their full potdrjoantly [3].

On the other hand, other network models, whicheferrto as “elastic optical networks”, propose $e a single
type of rate-tunable technology to handle all typksonnections. Using a single type of technolsgienplifies the
design of network and allows optimal sharing obreses in dynamic networking scenarios, thouglhatcbst of a
high price per piece of equipment[4][5].

Benefits of elastic technologies have been studigd a number of metrics such as number of inteaor
occupied bandwidth [4]. In this article, we presemiat is to our best knowledge the first analy$islastic optical
networks in terms of cost and compare to the costixed rate optical networks for static and reatde networks.

2. Network model and planning algorithms

We consider a 28-node European network comprisingidirectional links with one fiber per directioBach
fiber is made of SMF spans carrying up to 80 wawgtles spaced by 50GHz in the C-band. Enough denmeaneds
drawn between randomly selected node pairs to genéraffic matrices with 5 to 20Tb/s loads. Theawty of
demands is normally distributed with mean 60Gbstandard deviation 20Gb/s.

We consider in this cost study only the cost obegiectronic interfaces (emitters, receivers argbnerators),
which is generally seen as the main cost centeptial layers.

We consider mixed-rate networks based on 10Gb/s OfKsb/s DPSK and 100Gb/s Polarization-Division-
Multiplexed Quadrature Phase Shift Keying (PDM-QPSkith coherent detection. The price of interfagges
assumed to be 1, 3 and 6 respectively, which srgald between mature and bleeding-edge cost mddi&s The
transparent reach available is assumed to be 3@ and 800km for 10, 40 and 100Gb/s respectivalyhis
study we choose to mitigate the deleterious ei¢@OK channels on 100Gb/s channels [3] by routhey three
datarates in three separate bands, with 40G chaaoghg as buffer between 10 and 100G wavelengties width
of each band is the same on all links of the netvamid is determined by the routing algorithm (séea). No guard
band is assumed between bands.

For the elastic network solution, we consider ifiaees derived from 100Gb/s PDM-QPSK interfaces.s€he
interfaces can take advantage of the versatilitghef emitter structure and signal processing céipabiat the
receiver to transmit at 25 and 50Gb/s by restrctire number of polarization and phase states psedymbol[4].
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The price of such interfaces is expected to be senylar to the price of 100Gb/s interfaces. Rateability slightly
increases the complexity and hence the price ofinterface. But a single interface for all ratesoabrings
economies of scales and fast price erosion. Wedhase the cost of elastic interfaces to bevgh a is close to 1.
The transparent reach available at 25, 50 and 1@0&lassumed to be 3000, 2400 and 1200. The 400meased
reach of 100Gb/s in this scenario is due to thelined effects of (i) the absence of OOK channelhanfiber[3],
(i) the absence of dispersion management, lowesiigiptly the noise figure of optical amplifierschimproving the
resistance to non-linearities [6]. Cost and rea¢tieboth network solutions are summed up in tdble

Mixed-r ate networ k Elastic network
Datarate (Gb/: Price (a.u. Reach (kmr Datarate (Gb/: | Price (a.u. Reach (krr
10 1 3000 25 3000
40 3 1600 50 60 2400
10C 6 80C 10C 120(C

Table. 1: Cost and reach estimation model of intar$ in mixed-rate and elastic networks. Mixed-paies follow trends of [1][2]

Routing and wavelength allocation (RWA) is perfodmgith a heuristic derived from [7]. For each nquier,
the heuristic considers all combinations of twoadates eligible to route the capacity demand betvlee node pair
(e.g in a mixed-rate network, a 50Gb/s demand canrduted through 5x10Gb/s, 1x40Gb/s+1x10Gb/s or
1x100Gb/s). For each eligible combination, the atgm finds a path for each wavelength and deteesiithe
number of required interfaces to add, drop and rregde the signal according to the reach availableach
datarate. The traffic computes the quantify= Zr B(r)C(r)N,,, Wherer runs over the available datarat€gy) is

TSPr
the cost of an interface at rat@andNrsp, is the number of required interfaces at mratnd A(r) is rate-dependent
weight. In elastic solutionsC(r) is independent af and equal to 8. The heuristic then selects for each demand the
combination of datarates minimizing W. When theamek load is low and congestion is not an isg8(e) is chosen
equal to 1 and W is thus the cost of routing a demaith a given combination of datarates. When kilog may
occur, A(r) is iteratively changed tg3(r)=(r ni/r)%, &0 (rmin is the minimum available datarate) until blocking
disappears to favor high-datarate channels andrétuse the bandwidth usage.

In restorable network scenarios, the algorithm alstermines the number of required spare interfacebs
wavelength needed to make the network resilieatltsingle link failures following the proceduretdiged in [7].

For mixed-rate networks, the number of lightpathguired at 10, 40 and 100Gb/s is first computedudpn
minimization of W per node-pair and demands are tieerouted so as to respect the per-band chahoehton.

3. Results

We first consider completely static network scesgm@nd the total cost of the network as a functibtraffic
load for both mixed-rate and elastic solutions. Tdsults are shown in Fig. 1(a), where the coslasdtic solutions
is presented for values af between 0.8 and 1.2. We also show in Fig. 1(bpteakdown of the required interfaces
in terms of data-rates for mixed-rate network dradrttotal number for elastic networks.
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Figure 1: (a) Cost versus traffic load for staticed-rate and elastic networks (b) Rate distributigerfaces for mixed-rate networks and
total number of interfaces for elastic networks.

At low network loads we find as expected that mixate solutions are very cost-efficient: they regqui
marginally more interfaces than elastic networksalarge part of these interfaces are very low-¢0§b/s cards.
We notice that for the choice of costs and readidhis study, 40Gb/s connections are rare with RNv€A tool
preferring either cheap 10Gb/s connections or targelirectly high-capacity 100Gb/s solutions. Whhbe traffic
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load increases, the cost benefit of mixed-ratetmwia slowly vanishes, through two combined effeEisstly, the
necessity to route different datarates in sepdraels of the spectrum wastes part of this specfFinis.requires to
preferentially select high-datarate, and thus esperinterfaces, to avoid blocking as shown byrdped increase in
the volume of 100Gb/s interfaces in Fig 1(b). Sekprhigh-datarates wavelengths in mixed-rate séesdave a
fairly short reach and thus necessitate frequemb-electronic regeneration, further adding to thostcof the
solution. Elastic solutions become more cost-edfitithan mixed-rate solutions for high traffic Isg@dbove 14Tb/s
for 0=0.8, 14Th/s fora=1.2). Fora=1, we find up to 15% better cost efficiency for élasetworks at high network
load.

In reconfigurable networks, the benefits of elastibecome more significant. We show in Fig 2 tlustcof a
restorable network versus traffic load. In elastietworks, the same spare interfaces can be usedstore
wavelength at any of the available datarates whitemixed-rate scenarios, different spare interfaoceust be
provisioned for different datarates, thus requirnigigher number of spare resources [7].

In restorable networks, it is also worth noticitgitt some of the spectrum must be saved for theutng of
restored wavelengths. This has two effects: firdgtlprces the RWA process to preferentially targeth-datarates
to free up part of the spectrum, which means ameased need for regeneration, in particular in chivae
scenarios. The selection of high datarates islglshown in Fig 2(b) where low-datarate interfaaes almost never
used for network loads above 15Tb/s. Secondly, ixkedirate scenarios, spectrum must be saved fooret®n
purposes in each of the three spectral bands whitee of this bandwidth can be mutualised in elastevorks.
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Figure 2: (a) Cost versus traffic load for restéeahixed-rate and elastic networks (b) Rate distiin interfaces for mixed-rate networks
and total number of interfaces for elastic networks

The combination of these effects makes elasticcaptietworks more cost-efficient for all but thevist traffic
loads. Elastic networks indeed require much fewegrfaces (20 to 35%) at only limited increasehs tost per
interface compared to 100Gb/s interfaces. The loesefits of elastic networks increase rapidly astthffic load
goes up, reaching 37% at 20Th/s derl.

4. Conclusion

We have compared the cost-efficiency of 10/40/108Gtixed-rate and 25/50/100Gb/s elastic architestdior
translucent transport networks. We have investijatee trade-offs between price of interfaces, reack
reconfigurability. We have shown that despite tightprice of individual interfaces, elastic soluttocan be more
cost-efficient than mixed-rate solutions because¢hefbetter compatibility between different datasatincreasing
the reach of channels and simplifying the wavelergjtocation. In reconfigurable networks such astaeable
networks, the benefits of elasticity are furthecréased. For the cost model considered here, wetliat elastic
networks can bring up to 37% reduction in the odst network.
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