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Remote Nodes topologies for hybrid
WDM-ring TDM-tree passive optical networks

A. Baptista, M. Ferreira,

Abstract: In this paper is presented a WDM-ring TDM -tree
passive optical network ableto provide more than 1024 users
spread over 100km with a symmetrical bandwidth of
100M bps. A set of optically fed passive remote nodes ar e also
presented able to provide increased efficiency and
resili90ency.

. INTRODUCTION

While already standardized Time Division Multiplegi
(TDM) optical networks are currently under deployme
recent research is focused on the next generatioesa
networks [1]. Next generation access networks aning
at offering higher user density, extended reachlabdity,
flexibility and resiliency while keeping the networ
simple and economically feasible [2]. The figure 1
presents the evolution of the optical networks talsa
new generation passive optical networks (NG-PON).

Figure 1. Evolution of access technologies [3].

Research activities are focusing on possible exinaof

current GPON and EPON since these systems mayr suffe

bandwidth limitations in the future, and they dd nwake
full use of the optical bandwidth. The major goslto
reduce the overall access network cost while asguai
remarkable symmetrical bandwidth per user
establishing an optical passive transparent infragire
over a dense extended range area, capable of singpor
unknown future demands [3].
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remote node (RN) [6]. There were proposed two dbfie
topologies to SARDANA, the first consists on a $ng
fiber ring [7] and the second a double fiber riBf ZWhen
the main ring is implemented with double fiber, diteer
carries the Downstream (DS) signal and the other th
Upstream (US) signals in order to reduce the total
degradation imposed majority by Rayleigh Backsciaite
(RB) distortions, optimize the total used spectranmd
providing the ONU with a colorless RSOA keeping it
simple. For a ring implemented with single fibdre tDS
and US signals require to be in different wavelbagb
avoid RB distortions so the ONU cannot be impleraent
with a simple reflective component [8].

In order to achieve the highest efficiency from
implemented fibers, the main ring operates in wavgth
division multiplexing (WDM) and each tree shares a
wavelength from the WDM ring in a TDM basis,
allocating a temporal slot to each of the userser@jng
at TDM basis in the tree allows the migration frone
currently deployed infrastructures overlaying E-P@hd
G-PON into this novel topology. Different serviaesn be
accommodated on different wavelengths to serverifit
users with different transmissions requirementgrofg a
flexible network [9].

co
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Figure 2. SARDANA network architecture [3].

Scalable Advanced Ring Based Passive Dense AccessRobustness is achieved by the passive ring andshef

Network Architecture (SARDANA) is an effort to

monitoring techniques and electronic compensation

demonstrate how to exploit the NG-PON in a cost strategies, intelligently supervising and managitg

effective and reliable way [4]. It is a Frameworfoject
Seven project and is the main objective of thisutoent.

impairments of the PON. The network scalability is
guaranteed by inserting supplementary RN to thg thiat

It consists on a Metro-Access convergence networkis wavelength transparent is a simple task. Dué¢héo
pretending to supply at least 100Mbps per 1024 suser implementation of the main ring, the network iseabd

spread over more than 100km [5].
SARDANA Topology

provide traffic balance through the shorter pathkd an
resiliency in case of fiber, splice, connector omponent

This novel PON topology is based on a main ring andfailure, being the signals redirected for the othath. All

secondary trees connected by means of special nthaes

the light generation and control is centralized tie
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central office (CO) keeping the outside plant ccetgly I1l. PUMP PATH ARCHITECTURES
passive. The SARDANA network is presented in fig@re
An important part of the topology to optimize idated
Il. REMOTENODE to the pump power demanded per RN and forward
required from the CO. The first and easier pump
The overlay between the WDM ring and the TDM trees configuration is present in figure 4.a). It congistsimply
is made by the passive RN. It implements cascadabbe  drop the pump power at 1480nm from the US fiber and
1 fiber optical Add&Drop functions distributing d&frent direct it to the EDF being the remaining pump power
wavelengths to each of the access trees. Two @aees supplied to the other(s) EDF(s). It requires legsical
connected to each RN with a splitting ratio of 1:K components to implement but it is not efficient.
providing a flexible number of users. The RN with
reduced footprint, do not require any environmewntal
controlled location. The RNs are completely tramspgin
the ring and compatible with the already deployixrf
structures being no modification required as thevaek
grows. The introduction of a new RN in the ringas
simple task requiring just transmitting 2 more wawgths
from the CO. The RN Add&Drop signals independent of
the direction of the signals in the ring. A basiagiam of
the main blocks present in the RN is demonstrated i
figure 3.

DownStream Fiber I
UpStream Fiber
ST e o
X/100-X Y/100-Y

— RING | ADD/DROP | RING |—

AMPLIFICATION

FILTERING

Signal

Figure 4.a) Simple Remote node pump topology ardbbple power
splitter pump topology [10].

As demonstrated in [10], increasing the pump power
supplied to the EDF leads to the saturation of the
amplification while keep increasing the consumptiafn
that pump power decreasing drastically the efficjenf

Figure 3. Remote Node main structure [10]. . ’ .
the network, leading to impossibility to supply tle RNs

To compensate distance, dropping and filteringdesa ~ With pump power _ _

the outside plant, amplification is convenient [Ballows A better approach is to provide the EDFs with a@tfcmn
significant improvement in the scalability of thetwork, of the total pump power available in the networér that
geographical flexibility and average bandwidth pser ~ the RN pump topology is proposed in figure 4.b). It
but decreasing the OSNR [9]. Amplification is priedl  CONSists in three power couplers being two of them
by means of EDFs present on the RN remotely pumpednSerted in the pump ring path with coupling fast¢x /
from the CO by means of two 1480nm pumping lasers, 100-X and Y / 100-Y) and the other a 50/50 forlrescy
one for each ring direction, balancing the totawppin ~ and power balancing mode. The two power couplers
the ring and providing resiliency in case of filfailure inserted in the pump ring path have different satioe to
[7]. The pump power is provided through the US fibe t_he fact _that the pump can arrive from_the botlkesidf the
order to produce extra Raman gain. The pump powerng- Thl_s approach increases _the efficiency comempao
present on the US fiber is previously demultipletedn  the previous approach since it just supply the EDFs a
the fiber and led to the EDFs for amplification. fraction of the power, although extra IL is inseria the
As described , it is very important to understahd t Fing pump path due to the two power couplers andfe
referenced topologies [8], [5] and the evolutiontbe  adjustments of the ratios for the better approgehmp
proposed topologies in order to reduce the totadarmof power is wasted in the couplers [10].

pump power produced by the CO, reduce the Insertion A third approach consists on a single power couplér
Loss (IL) and allow higher scalability, resiliendgcrease @ ratio adjusted to be the most efficient for soielzand
the number of users per network and bandwidth per.u resilience purpose. This new configuration is pnése in
The optimization of the RNs can be divided into two figure 5.a). With this configuration no pump powier
categories: the signal path related to the rednatiothe ~ Wasted in the pump power coupler and the totalriise
signal attenuation and degradation through the RiNtae ~ 10SS in the pump ring path is reduced reducingnimaber
pump path related to the optimization of the pump of power couplers from two to one leading to admir

distribution through the network and requirememtsri ~ Pump distribution and higher network pump efficigna
each RN. problem arise now that consists on the appropratie

for the power coupler having in consideration thenber
of RNs, the number of users per tree, the scatluifithe
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network and the resilient operation. It is impoksiko
select that value being the most efficient for e
situations individually but a value can optimize it
considering all [11].

DownStream
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Figure 5.a) Single power coupler pump topology and
b) optical switching [10].

A pumping configuration proposed that considers all
power splitters ratios equal to 90/10 provide restland
scalable network and a second approach able tdderov
each RN with a different splitting ratio as 10, 13, 20,
25, 30, 40, and 50 can be seen in figure 6. A third
approach is to provide each RN with a differenitspg
ratio as 13, 14, 17, 20, 25, 33, 50, and 100.

Pump power per EDF depending on operation mode
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Figure 6. Comparison of variable and 90/10 powepters for different
states of the network [11].

The first approach is the simplest to implement trel
one that provides better resilience and scalability
compared to the others but for normal operation endd
requires higher pump power from the CO than theroth
approaches. The second approach is not scalahikeas
previous one, is not the best option for the normal
operation mode (the intermediate approach) but it
provides some resilience in case of fiber cut. $eeond
and third approach require power coupler ratios not
available commercially. The third approach is thstlbne
for normal operation mode as it requires less ppower
demand from the CO. By the other hand it is notiess,
since in case of fiber cut no pump power pass at th
central RN to the reminiscent RNs and the scatgbisi
not guaranteed since an introduction of more Rijsiire

all the pump power ratios from all RNs require te b
readjusted [12].

The selection of the appropriate power couplerorati
should depend of the normal and resilient operatiode,
so, an average power coupler ratio must be chosen,
although, it is difficult to achieve. An alternagiypropose
for the previous configuration is to select betwéanbest
option for normal operation and the best option for
extreme resilient mode, fiber cut at RN 16 by meahs
optical switching as presented in figure 5.5.

For the normal operation the ratios would be 13,1174
20, 25, 33, 50, and 100 and for extreme resilientlenall
ratios equal to 90/10. This approach is still ncalable
since an introduction of RNs in the ring requirée t
readjustment of the normal operation power coupler
ratios. Other impairment with this solution is tha&tra
insertion loss introduced in the pump path ringatth
increases significantly the total insertion losdegrading
the efficiency of the netword 1].
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Figure 7.a) Tunable Power Splitter pump topology Bhreconfigurable
modules pump topology [12].

A better approach is the introduction of a tungidever
splitter instead of the optical switches as presgnn
figure 7.a). With this approach the RN can adjbstratio
factor to the most appropriate ratio eliminating #xtra
pump power dropped to the RN and providing complete
scalability, resiliency and higher efficiency rethg the
total pump power supplied from the CO [11].

Despite of the apparently simple implementatiorthi$
configuration it increases the Ring IL in the pummgth
compared to the main topology in figure 5.a). Eveore,
it is difficult to implement a passive optical tuoha power
splitter controlled precisely and consumed very low
optical converter energy, being also very expenswve
implement.

Other approach to the pump power topology has in
consideration the distance from the RNs to the EDFs
supplied with signals to be amplified with high perw

will not be able to provide gain although it wiltenuate

and degrade the signals [10]. Also, the pump power
consumption will increase being required higher pum
power for that RN decreasing the efficiency of the
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network. With these characteristics, RNs closehto €O The network capacity depends on the splitting rktim
where the signals have enough power to reach thg ON the trees. Experimental results demonstrate ttrah fid=
do not provide gain to the signals. A simple solmti 16, 32 and 64 the data rate per user is 125, 62b a
would be to omit the tunable power coupler andEbé-s 32.25Mbps respectively in a GPON at 2.5Gbps fos thi
in the RN, reducing the components and the cogshef previous topology.
network and reducing the total pump power demarned  Despite the simplicity of the implementation ofstiRN
the CO. Although, it must be considered the schiabi topology, it requires US and DS signals to havéedéht
and the resilience of the network, where the RN ithéhe wavelengths to avoid RB distortions not utilizinget
closer to the CO can be the farthest in case ofiorét spectrum in a efficient way [7].
grow or fiber cut and resiliency. For those cases To avoid the previous impairments of efficient opti
amplification must be provided is some situatiombe spectrum handling and use of non reflective ONUew n
proposed RN implements two distinct modules, one oftopology was proposed in figure 9. In this new
them providing gain to the signal and the other configuration the main WDM ring is implemented wRh
establishing just a direct connection without afigadtion fibers instead of 1. One of the fibers is implensenfor
as presented in figure 7.b). The selection betwbere DS signals and the other for US signals. The USadiy
two modules can be achieved by means of opticalfollow a similar path with the DS but they passotigh
switching. This approach is the most efficienteénnts of different EDFs and different fiber rings. With this
pump consumption, being the best pump topology.[10]  topology no more requirements related to RB digiost

in the ring and efficiency utilization of the speoh is

IV. SIGNAL TOPOLOGY required, although, those distortions still remainsthe

TDM access tree. The pump power to the EDFs iseptes
The first and simpler RN signal architecture withiagle in the US fiber producing extra Raman gain to tigaas
fiber ring is presented in figure 8. Each RN predgd with lower power, the US signals. With this RN
Add&Drop functions by means of three optical couple  architecture, the transition from double fiber riogsingle
The first two, introduced in the ring, are designed fiber tree section is provided by means of a 2:ficap
depending on the number of RNs to minimize the passcoupler and two isolators as a more cost effecolation
through losses. The third coupler, 50/50, is resitda for than a circulator. Then the TDM trees are implemént
traffic balance and resilience operation sincerdvges with two 1:16 power splitters per tree.
the signals to be Add&Drop from both sides of thegr
Since the couplers in the ring drop from the nekwar Figure 9: Double ring fiber Remote Node simple fogy proposed in
fraction of the entire spectrum filtering is recpdr [10]
Two thin film filters select the specific downstreaand
upstream wavelengths for the PON trees that are Four EDFs are implemented in the RN, two for US and
connected to the RN. In order to compensate thardis, _ Pownstream Fiber
drop and filtering losses, amplification to the reits is
required. With this design, the ONU just requirenso
change from the commercially available EPON/GPON
ONU. That is the substitution of the 1310nm upstrea
transmission laser by a laser to transmit on theeleagth
assigned to that specific PON segment remainingehbe
of the equipment and logical control invariant. briant
design parameters to make the network compatibie wi
the EPON/GPON standards are related to PB resmiti
[10]. This kind of topology based on a single fibigrg is
appropriate for non reflective ONU since DS and US

signals require different frequencies.
WDM Ring

g

Pump

TDM Trees TDM Trees

two for DS for each tree, increasing the total pump
consumption compared with the previous architecture
where just two EDFs were implemented. After theaotm
amplification a second filter avoids adding ASE s&oio
other signal channels decreasing the OSNR. Finfaltya
much more convenient network implementation with
identical ONUs, a wavelength agnostic transmission
device is implemented. RSOAs are suitable devicestd

sona[J]  [swna their capabilities for re-modulation and amplificat, as

TDM Trees well as their wavelength independence. An ONU tenb
Figure 8. Simple Remote Node signal topology predda [10]. implemented with a power splitter, an RSOA and a

receiver similar to the one user in the CO. Thjzotogy
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allows up to 80 C-band 50Ghz ITU channels at theMVD

ring, leading to a maximum network size of 40RNs an E

2560 users [10]. -
It has been experimental proved for 512 ONUs and

50kms ring, 512 ONUs and 100kms ring and 1024 ONUs

and 50kms ring with guaranteed downstream bandwidth

of 155Mbps per user [8].

Figure 11: RN topology based on 2 EDFs. a) tunabkegain, b) multi
wavelength with no tunable gain and c) DS and Uflile gain [10].

Despite of the best topology for pumping, improvetse
can be done in terms of signal topology in the RNe
RN topology proposed previously were implementeth wi
4 EDFs requiring higher pump power and not using ofn

Figure 10: Remote Node topology based on OADM fittiers [10]. the properties of the amplifiers based on EDFs ith#ie
multichannel amplification. To solve that limitatio

With the proposed RN architecture in figure 9, the several RNs approaches are proposed based on 2 EDFs
Add&Drop function is still made recurring to coumle  RNs [10].

90/10. Utilizing those couplers, the network isilgas  The first solution is presented in figure 11.a).isTh
scalable and simple to implement but there are itapb architecture provides independent gain to eachdfeke
limitations related to the RN insertion loss in tireg. To RN. It can be adjusted depending on the distancieof
solve this limitation a topology is presented igufie 10. ONUs from the RN and the number of ONUs per tree. B
In here the Add&Drop function is made by meanshiri-t means of optical circulators, each EDF is suppliéth
film filters that is a very mature technology abie the US and the DS signals of each tree, this mewilis,
provide very good performances at low cost. the same wavelength. Therefore, the RB distortiothe

The advantage of this RN configuration is the caategy EDF becomes an important limitation for this RN
transparency for the WDM channels present on the ri configuration by causing significant signals degtézh
being the RN just dropping the assigned wavelengtils  [11].
not dropping 10% of the total power as the previaod A second proposed architecture with 2 EDFs is prteske
reducing the drop attenuation from 10,2dB to onBd® in figure 11.b). Each EDF is supplied with the Onal
and the pass IL from 1,4dB to 0,8dB. Each DS EDF of one tree and the US signal of the other tree,
amplifies both the DS signals and other thin-filittef is transmitting the two signals at different waveldrgt
used forward to limit the ASE noise and select the reducing the RB distortions. This architecture also
appropriate wavelength for the corresponding tree.provides a better stabilization of the transientsbgain.
Experimental results had demonstrated that with RN The mains disadvantage of this configuration i¢ the
implementation is possible to achieve 10240NUs by gain of each signal cannot be adjusted independgit].
means of 16RN spread over a ring with 100Km [5].

A third alternative to the previous architectures i
presented in figure 11.c). An EDF is supplied viit DS
signals and the other with the US signals. Sineestgnals
are at different wavelengths, RB distortions ar¢ ao
limitation. It can also provide independent gaim @S
and US signals. This configuration is the adoptedhe
most appropriated to implement optical switchingétect
between amplification and non amplification modules
since it can operate differently for fiber failurethe US
and DS domain [11].
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Signal Gain and Remainescent Pump Power in

= [755] DownStream Fiber — — a8 dependence of the Supplied Pump Power
. DROP|  UpStream Fiber
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L @ Figure 13: Signal Gain and pump reminiscent in fiamcof the input

Figure 12: Remote Node topology considering thé&eebgump and pump power and EDF length.

ignal topologi iding full figurabiliof the network [10].

signal topologies providing full reconfigurabilibf the network [10] VI RECONFIGURABILITY
The final topology of RN version implemented in
laboratory is presented in figure 12. It is ablesébect a £ th work is th ‘ ol q
amplifying and non amplifying module and adjust the ﬁ et' ne wo(rj |'513 i4power converter, control an
necessary pump power for operation, reducing th& to arvesting module [13-14].

amount of pump power required per RN, increasirgy th Th_e figure_z 14 represents a block diagram of the
total efficiency of the network. equipment in the module and the states of operafion

EDF analysis optical signal is supplied to the photodiode présanthe

An important component of the RN to understand and module. Rart of the converted electrical signaéixj_to a
optimize is the EDF since it determined the totabant control unit by means of an_RF component and thn_alma

of pump power required per RN. In order to optimilze part (_)f the energy is supplied to an Energy_ Reclama
EDF length and pump power supplied to each EDF Circuit that will be stored (batte_ry_or cgpamto@y_ _the
experimental tests were made in laboratory. It st&$n _other h"_md' the _C(_)ntrol quule is listening tonesifeed
varying the pump power at 1480nm supplied to theeED in the signal l_mtll it recognizes apre allocatettgrn and
for different lengths as 7.5, 10, 12.5 and 15m and turn on the mlcrocont_roller _that isin slee_p modiiter the
measuring the gain of a signal with -20dBm at patiern an operation is communicated and the
1550.12nm. The figure 13 presents the resultsetehts. m|crocont_roller W_'" control _external components, th_|s

It can be seen that for achieving gains of 7 thteb&DF case optical _swnches, with the power sto_red inthe
length is 7,5m supplied with 7dBm; for 11 and 1508 battery/_capacnor going bac_k to sle_ep mode aft_effe[ént
gain the better EDF length is 10m supplied withrgl a top_o_log|es are being considered in order to mc_eretbe
10dBm respectively. The reminiscent pump power, i8 3 _eff|<:|ency of the module and allow harvesting widwer
and 7dBm respectively for 7, 11 and 15dB of gain. INput powers.

From these results, it can be seen that the receinis e ;

pump power from the 7 and 11dB of gain is not eiholag — o neray m“ab,e
supply a second EDF, although the reminiscent pump “oreut Storage | pover
power from the 15dB gain is able to be redireciedt '
second EDF. This is an important factor developing
amplifiers configuration since it can lead to artimgl
low pump requirement multiple amplifiers.

The most important component in the re configuibil

Energy Harvesting Circuitry |

Control

Optical

Microcontroller Switeh
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Figure 14. Schematic of the harvesting and comtiadule and the micro
controller states.

VI. RN COMPARISON

In order to compare between all the RN topologhes t
SARDANA network was simulated recurring to the high
efficiency operation points of the EDF. The ring is
implemented with 20, 40 and 60km with 16RNs eadih wi
2 trees and 32 users per tree 2km distant fronRiefor
a total of 1024 users. The comparison is done lettiee
Non Optical Switching (NOS) architecture with a gum
topology presented in figure 5.a) and a signal lmpo
presented in figure 10, the Optical Switching (Q8h
pump topology presented in figure 5.b), the Tundirep
(TD) with pump topology presented in figure 7.ayldhe
Reconfigurable RN (REC) presented in figure 12.

In the figure 15 there is present a comparisomefRNSs.

In order to compare the different efficiencies atle RN
topology is simulated a fiber cut for the RN 8, drd 16
and analysis are made to calculate the total remgnts
of the network in terms of pump power and the nunadfe
RNs that are not supplied with enough pumping pawer
provide the necessary amplification. It should ln¢iced
that the maximum pump power allowed to be prodiumed
the CO is 44dBm. Despite of being extremely higivgg

it was the limit operation studied in previous gs.

It can be seen in the figure 15 that the OS topolog
requires higher pump power than all the others ltgpes
since the IL is higher being this not an efficient
alternative. For the implementation of TD topolothe
required pump power for fiber cut RN8 is the saiment
for NOS, although for fiber cut at RN16 a reductadrb,3
and 2 RNs without enough pump power to provide
amplification is achieved for 20, 40 and 60Km afgi
length respectively. The REC topology provides the
higher efficiency of all the four RNs topologierHiber
cut at RN8 the total pump power required decreasés
3 and 4 dB respectively for 20, 40 and 60Km andttier
extreme case, fiber cut at RN16 the number of Rids t

Pump Power Required at Normal Operation
45
41
37
33
29 BNOS
25
21 m0S
17
13 T
g B REC
1
3
dBm 20km 40km 60km a
Dead RN for fiber cut at RN12
1
3 B NOS
2 m oS
TD
L B REC
0
20km 40km 60km b
Dead RN for fiber cut at RN16
8
7
6
B NOS
5 S
4 mO0S
3 D
2
1 B REC
0 C
20km 40km 60km

Figure 15. Results of the SARDANA network simulatfor 20, 40
60km of ring length. a) Pump power required to@, b) number of
dead RNs (RN not supplied with enough pump powerjilber cut at

RN12, c) number of dead RNs for fiber cut at RN16.

VII. CONCLUSIONS

The demonstrated SARDANA network provides
flexibility, scalability, resiliency, higher useredsity and
bandwidth, robustness and extended reach that are
important features for next generation dense FTTH
networks also called NG-PONSs. It operates in a WDM
ring TDM tree topology. Two different main topolegi
can be applied, one consists on a single fiber aimg) the
other and more efficient consists on a double fitieg.

To provide simplicity all the light generation andntrol
is placed in the CO and the ONU are based on tafiec
devices such as RSOAs. The RN as the main thertigsof
document is presented in several topologies, sdrtieem
referenced as state of art and others proposede Tdre
two distinct evolutions in the RNs, the signal atme
pump path.

An analysis to different EDFs with different parders
has been demonstrated. Some important conclus@in th
had been utilized at the RN architecture develogmes
the use of low doped erbium concentration (5dB/m of
peak absorption) as the most efficient solutiorr. iRput

do not have enough pump power decreases at 6, & and Signal powers higher than -20dBm, the amplifieussztes

respectively for 20, 40 and 60Km.

leading to a reduction of efficiency. In order t@yide 7,
11 and 15dB of gain is required 7, 8 and 10 dBmuwfp



power, for a reminiscent pump power of 3, 3 and 7 [€]
respectively. 7]
The control of the tunable power splitter and theduie
selection switches is done by means of a power exben
harvesting and control module. That module is brief [&]
introduced and presented. Further improvements are
required to increase the efficiency of power cosier.

The introduction of tunable pump power splittersd an

optical switching, introduce significant improventgmn [l
the total pump power produced by the CO, diminigtsn

3 and 4dB for 20, 40 and 60km respectively, at radrm
operation mode (fiber cut at RN 8). At extreme lresce [10]

mode (fiber cut at RN 16), for the same pump power
supplied by the CO, the number of RNs with no pump

power available (dead RN) decreases 6, 4 and Rsifir (1]
20, 40 and 60km, respectively.
[12]
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