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Architectures of Bandwidth Abundant Photonic Networks
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Abstract In this manuscript, we present architectures of photonic networks to realize bandwidth abundant optical transport.
Current IP-based networks are suffered from the energy consumption and the capacity limitation caused by the
packet-by-packet forwarding in the electrical layer. This fact motivates the introduction of photonic networks that utilize
wavelength routing in the optical layer. The elimination of costly E/O and O/E conversion and the routing in the optical layer
makes photonic networks energy efficient and capacity abundant. However, due to the difficulty in realizing large scale optical
switches, further capacity enhancement is not straightforward. We elucidate the current situation and issues in photonic
networks and then show novel node architectures that can achieve larger capacity cost-effectively.

Keyword Photonic Network, Hierarchical Optical Path, Elastic Optical Path, Photonic Node Architecture

This article is a technical report without peer review, and its polished and/or extended version may be published elsewhere.
Copyright ©2013 by IEICE



= -HEmLEET 58

Jg8__ 2000 2002 2004 2006 2008 2010 2012

PB/Month
90,000

20,000

70,000

60,000
50,000
40,000 |
30,000
20,000

10,000

0

2011 2012 2013 2014 2015 2016
Cisco VNI, “Global Consumer Internet Traffic, 2011-2016"

fBr57497- BHA
i TURST495 o LevaaTy
]| 1.696Tbps (2011/11)

S IEYRS T vY

SENRER

| 0.669Tbps (2011/11) T

BFAENOREREERBERRARLY)

o MOV IRIRALLTHEM

(+30-40%/%F).
o BREFILOY—ERD M
o RIEBBIHRROEM

oo T oo |

BIEELDRE @rosm P

AT—hTHY 59K —ER
REZE FAE (%)

3.0: 1.5¢

9.7->29.3% 14.1-5>21.6%

R AT RE I #(YouTub
SLERAE FIFAE#(YouTube)

1.3¢ 1.2¢

26.8->33.6% 23605290073 A

Wi eBE BENADRNRE 4

Z i 25—k BEREY—EX

TART LA DEFEHIE

FSIvIDREOER] 74

VIO—RNURT IR OHER (ADSL, FTTH)

BSEIT DR

izl ks

BRZ T (R~

iPhone3 :

20
iPhone4 : EDRELERT 20 X450)

HDTV: 1920 x 1080

4K

Cinema
3840 x 2160 (Sharp 32inch) |

Raw data: 72Gbps

Introduction of 3D tech.

Ultra HDTV : 7680 x 4320 (NHK, 145inch PDP)

RERDFYRT—HH—ER~ 5

BRONS 2499
- BREFEDOH—ER
-BREFTOER

ex. UHD-TV, 3D-TV, 8k/4k Digital cinema !

T

Ultra-High Definition TV 72Gbps(FEEAEHE)
7 /

v'Layer one VPN (BER#EHY—

ex. Just-in-time, Optical mesh netwrk e 7 »

RYNT—I~DER

VRBETI)r—ay
@ =EH-BARE

N, ®/\—FEOTTHRMHIE

VYT IWEA LI TIOR
@7 )TADER

EF :+30-40% = 15 E THEE

RIFANBIE-BREE




KI7ABIEISEDNSREBRSEE S,

3000 1000 600 500 400 300 200 B ETH]
|
T
|
\

— Tt
01 02 03 04 05 06 07 08 09 10 1.1 12 13 14 15 16 17 18 19 20 HElum]

C—)>

HR%
(0.38~0.77 £ m)

®E " #®

774 )/\0 A %[dB/km]

St

I
038 043 049 055 059 064 077

BELum]

AR ML TLES e, < g
CEC AR T B Gy SECRERE S
i3 o) by AU
EEH|AHZE X (WIZEEY FL—F) i
X i
TIREMIE {ex. 8b/Hz ; Cable Modem) lex. <1b/Hz)
EEFR 4 (< 100Mb/s) x| (> 10Gb/s)
(F+ U7 REH) (1~E10 GHz) (~200 THz)
EHR AL oc 1 /pEm? oc 1 /EERE
- 7O—EF*+ R b - KERUICRIER
B CENRANT LR S O 70 S 7

(/o) BIEBEIE, AR RHEIEIC AT )

&R T7AEHBH TEHE 10

I7E D ERE ——

0 FREBFICKDIRBEAMNETLTNA, BRBETIELRDILLEE>TND
TR AE—L Uk (DSPIZL D IRE R E 4O ZEHIE) RN EASh=2ET
100Gbps/IRRMEAL NI TRESNT

® JTIZEEREL AL TIE, 100+Tops/T7 A /AAEIR ShTLVS

0O D. Qian, “101.7-Tb/s (370 X 294-Gb/s) PDM-128QAM-OFDM Transmission over
3 X 55-km SSMF using Pilot-based Phase Noise Mitigation, ” OFC/NFOEC, PDPB5,
Mar. 2011.

O J. Sakaguchi et.al., “19-core fiber transmission of 19x100x172-Gb/s SDM-WDM-
PDM-QPSK signals at 305Tb/s,” OFC/NFOEC,PDP5C.1, Mar. 2012.

O —HTHITANDIHIMECEATEEH/NNT—DRENEIEAD, KT7A/\
DBEEIZIFBRAMNRZ TETULVS (“Capacity Crunch”, TIEFERE S v/ VRS 1)

® TLFAT RIULFE—FOREFDM, KT7//\DBEEEFELENDHHDOFDM /
Nyquist WOM DBEBAX, BEFEICELEA A TIVvIHERERDEIY L THH
RwINTWLS,

THb=v IRV T—H

Ver.2013.06.06 |

AR

WMEDRYRT—I DA A=

—@
N EERAC—RAU TR
b BERITESNIUL I TEESN TS,

BEBEO A V7>>/—K)

5
@
= .
Bile
=%
acs SN REEAS  NSRE AT
N TN DE SR

(RhLRvI=7—F)

15




BERUNEDORAZEBA T ~KEIL—T405 ~

| 1PL=% |[/#7orLirTors
BEN—F12F
—-BEREL

BESEY>Y 1Rty b
“mn

BEPLEHY =

. ROFEDL—T1>Y

KERER S EEE
BEDLELL
KERDORE

BRNT1v0%
ROFFAERGIE

BRL—T 427 |7
PHSEY/ERER
MLIS 1SS0 ‘ HIKARI” )lz—#

L— MR -HIR

THhZyHRYRT—S P

J—RTCOES - KT
o FRZTDILDESNILELTEBERAIL. L—T12Y
o (KB

0 BARE (14— TI—RERILIZEYRT—ILT B)
o BIEHBEN

:cvéL l Y=
=) = }NXC ‘=

LSR: Label Switch Router WXC: Wavelength Cross-Connect

RESOEENEOH LS

® JRAVFMDHIARL

® SRAMVFDEEDHLE

® KN\ VTFIXRER (V7 yMEICkHHEE 2 ERRAFIKLY)

17

b= ORI T —ODRKEEIL

FST4 v DIEICKBHIAMER

, Node_cost
N

[ ! _Linkcost _
| R —

Traffic increase Traffic increase Traffic increase

1. Link cost Kl (Z74 /3D E] ()] |
ISRTAVIHINAI YT —H
=OFDMDEA - B ERB TV IEDFEA
2. Node cost Al RAYF ]
BB/ SRR YET—H
=N\ AZEREMIZHR QDT EITRD Ry FRIEHE

FIRIN—T T FHITE IV WG/~ 0

ISATAVINRINARYRNT—- ?ﬁ*@w

Residual bandwidth wasted

40Gbps 00Gbps 10Gbps 40Gbps
Conventional 1 ‘

ITU-T Grid

frequenc
50GHz q 4

‘ v Elastic channel spacing ]

_‘_‘_‘ v Adaptive modulation
Elastic 4

Optical Path

Network LTI

<> frequency

12.5 GHz

Designate a set of frequency slots }

3% 400Gbps, 1TbpsHREFIZ

BB L HR A L ODE R e

=
TCE’ 10
S 1slot: 12.5GHz
< AR LA L
o 8
°
—; 6 By introduction of frequency slot and OFDM
§ G '—u—-—J;
> 4 ———c—0 QPSK
o By introduction of distance adaptive Modulation
his DO QPSK
:,2 2 |- 16QAM == |TU-T
=== nonDA-SLICE
== DA-SLICE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

—_—
# of hops Transmission distance __




(208 R A A O B4 R EE P 4

o MEBRYRT—HZEITHEBRE-KEE
LERE(RWA)” (TR BIEH ROV E
LERE(RSA)” ~

 EROBERBAOVEDEIY LTI, F57
BRICHITAHEMEICHEY

s FEREKHBOM LA KRS EIC

MAGEATORY L T- Fg—GER®E
FRAOERET - BIMBII DM A THRHMSEED

S (B8 EIY 4 TREE i

!
BB TED 2B LR

Fiber
— —7 . RREI RS
\))W"—‘ KBRS IFRRTEETH S

avelength collision

24

B (B8 EIY 4 TR i

RBEEDISE
(i.e. RREIBDH)

BB TED 2B LR

BRIBGEDEERE?

® Finding a coloring that minimizes the number of colors
used. =>NP-hard

® Finding a coloring that minimizes the number of fibers

used subject to given color set.  => NP-complete

Iterative ILP based Route Assignment [T.Takagi et.al., ECOC2010] S
1

o BEICISCEERARERATOIISAT4VI%
INRARYRT =D DERELE

e BEZONT-HNRBRIEZEEZNDRZIZDONT, &E
DIRFETHELEIEEHAOYNIEHE

o LEOBARHRAOVMDRBELVIEARE -GS
FNRAEE T, AOYNDNS VBN IR R #E B
BVLT=> FARBEYET

29

Link cost reduction by path elasticity (static) ﬁﬁ"%

[TTakagi et.al., ECOC2010]

Without

1400 fragmentation
= ITU-T grid met # of slots necessary for shortest route
ITU-T grid spacin
0 1200 == nonDA-SLICE nrettou & P &
£1000 [ = DA-SLICE method
b X 0/

nonDA-SLICE : elastic optical path networks
without distance adaptive modulation

o Uuu

400

® 6x6 mesh network
® Bandwidth of one fiber : 4, 400 GHz
® |TU-T grid bandwidth : 100 GHz

200 9
® Frequency slot : 12.5 GHz

1 2 3 4 5 6 7 8 9 10
Average number of connection demands 3

Ratio of Accommodated Traffic ?ﬁ”’?,,

[TTakagi et.al., OFCI2011]

The degradation due to the non-uniform path
capacity is marginal.

7x7 polygrid topology,

COSTzeB\sQQology

~

2o e ~
BNR D e NN

06 mITU-T
0.4 @ nonDA-SLICE
0.2 @ DA-SLICE

06 mITU-T
0.4 EnonDA-SLICE |
0.2 m DA-SLICE I

Accepted traffic demand (normalized)

Accepted traffic demand (normalized)
I

Because of the increase in # of wavelength candidates

32




T7ANBEIEKDER e A

HT7A/3th Available bandwidth (ex. C+L)
DR/ SRE ‘

100G x 100 = 10T
80 Nonlinear Shannon limit
Nonlinear impairments

100

40G x 80 4006 x 60 =24T

=3.2T
Transparent optical reach?
Transponder cost?

1 ISRBE
10G 40G 100G 400G

FURT—UEEORELIZK
5. REMGEERKREN Y

Traffic: +30%/year

Bk

TV LINIVERSITY

BREEIHb=vY/—F

— B SRR RT—2 P 4

XEE-EHEEAL:
1%t stage :—EB I/ XKV —0

«— Bottleneck and prevent the constructing cost-
effective networks

o=k

LSR: Label Switch Router WXC: Wavelength Cross-Connect

BEBIRRAVF ——

(Wavelength Selective Switch) [ WSSOEERE  cmmmmmmmeee R
WSSO THEREN 1= 7
1B/ —K o ETE T HBT7AN

TN |

— ;

1 i

Dpmzs—

RN (LCOSEHFIA)

B 1QOFETHEALEINTINSA,
FYUBRIGWSSEHET HDIEEST
(B~

Finisarft &4 1x9 WSS (140mm x 220mm)

38

/—FHRR DR F ?ﬁ@*‘f

| —BEREH SR AR T—Y

optical fiber l__l-_: v IBIEEEE N

T wee/ v BRBE
e v BINEE

WXC: Wavelength Cross-Connect

optical fiber I__L:
g‘% Rono
("
-

v SRR YFR—EME KIS
v BERBHERMVFEEET 2D XAED
TR

e
e

® YT —URDIN/ SR (LM
® HI7ANBIEFNIZIECTEM
&

® FUPT—OWRIFEE o

N VI EDRTT
F— B LEBET B0/ XHEZ R 2L R

A possible solution

BEDRRE BRNREEATS
Ex.) VC-3/4 in SDH/SONET

N—F1 Y DHERAL
Vc‘l/z YRR OHER L




MR VFICLoATR/—FHE T,

BEREDV L —TI (BRIAZDEA) FYRT =IO D5 E|

P S

e
Ak 2t 2000 %rchltecturelzonﬁ"l
| ® EHOREERIBMIT L—T (T EEE/ SR )

o WEELIRY S L—T B TIL—T A [ BFILT—Y/—FE MR
o BRE/AERVARBLE-a00/ropORIS—HIR | | T AERNTY
|  EBlRA#OLEEEE S o= R
| © KRBTSR | EYTVRFLEESIH

NSubsystem modular OXC Node

I FATRE
| Grouped Routing Entity based Optical Networks (201145~) 1
| o i a8 TOMBHIHE KRB A Dadd/dropE )
HAAHDETNS
\O BRAYOARARIMIFRET/—FAav ok ]

7

N e e e e e e o o o =

2-stage Routing Optical Networks (20114E~)
& ROEM/—RIZIELT, KREBMIZTIL—T1E
o HUNBEDHERAVF T HI7A1\ERIRT D

a1

BEEAL S/ SR Ry kT — i

— DK R/ SADHHWXCEFI B

optical fiber
[ / \\A'//aveband path

(1 JR—
S S S P D

7
wavelength path

BXC: WaveBand Cross-Connect

| Waveband Path = a group of wavelength paths |

o TMEEARY R KRB/ SRBEITIL—T127

©® WXCIEIRAREL TRES, KIRRILIZRR

42

Hierarchical Optical Path Network ?ﬁ”’%

r Waveband Path = a group of wavelength paths —l

,/‘/ Waveband Path \\\\
,* Optical Fiber N WXC
‘/ / Wavelength Path N\
\ v o
e el xc =T
- Reduce port counts —-
* Large capacity optical paths BXC: WaveBand Cross-Connect

wavelength path

Single-layer

waveband path

43

Benefit of Wavebands

izl ks

Ratio of the total number of
switch ports in the networks
(R: Hierarchical/Single Layer)

bandwidth, W —__

(==

waveband hops, H

25

Number of optical
switch ports decreases

0%
17/9 4 over a Wlde are
? 1’:8 15 . : !
/A, ) N h H
- 1 2 o
rage HopP Number of WBP
Ave

a4

Performance Evaluation [I.Yagyu et.al. 2008] a.ﬁ%

2.0

:‘, - -4-- end-to-end

L —=— BPHT ()
L5 .L-L. Y —¢— Proposed

"
N, AN

1.0 1 BN Single-layer

0.5

Normalized network cost
(Hierarchical / Single-layer network)

0
0 1 2 3 4 5 6 7 8
Average number of wavelength paths between node pairs

) BPHT : X.Cao et al., IEEE J-SAC,2003

BEE S/ SR OO RARY R/ —R DA .

RE)E ERRE— (REEXY) SWENTTI A= RBRA) REFZNTTILIFO=HR)
BFHRBEF R/ YA TTRR2010 BEME

L

OFC2010 Post-deadline Paper )
B, 7Y T (€S RT A, hBHE, BEHEICBR)

4/6TLRAFER (BREXHE, BRI TEH




BEREAL S/ SRRy T —2

oo

— DR/ SADHHIWXCEFI B

optical fiber
f ; \\A'//aveband path

] =

wavelength path

BXC: WaveBand Cross-Connect

r Waveband Path = a group of wavelength paths —l

® TRELRY I E R/ S RB A TIL—T 4

©® WXCIEIRAREL TREL, KIRRILIZRR

a7

Grouped Routing Scheme

Dropped Added

Wavelength path Wavelength path
=L : > _
1N i L1 =
- | > 271 R DERIRIE, EOHDT IL—

TIZHEBRIZHE] (GRE).
\ > BXCIZGREERI TOIL—T 2T %Y

__________________________

- | Grouped Routing Entity (GRE) |
GRE | = The bundle of wavelength paths used |
Wuowss Wuoewssorsc  \forcoarsegranuarrouting .

O Coupler - 1xN WBSS Add/drop}i{’ﬁld:.‘ﬁﬂ]*’ﬁli‘@%m
(REFELL)
> ERDRRECRELYHH -1 AR e
> - FEARICE GREMNRIGT HBHE
IE£ELY ("GRE/SAT”)

Grouped Routing
= Coarse granular routing with
Fine granular add/drop

48

Grouped Routing Scheme

oo

GRE pipe . eslinalion

Any node can accommodate multiple wavelength paths
having different s-d node pairs into a GRE pipe.

- b
- ) &

B, LRy

RBEBXEL—T1VTRATINM(R

51

REEIRRAAMVTF

@&
@&

@&

® ANR—IDoDERESE. KREICFAEDE hR—k
NIV—TATF B

O NT—FRBE FRALMEEEZ—DDBICEHIRAATLD
@ [ EMNDWSSEIERT LT, IO RARI IO ERLATHE
@ 2005FEEMLEE . MASBHTEEMILL TS

S
@ Higher degree e A
» Pan-European network (COST266) o g
Number of nodes | 26 Min | 200 —~';"~—-.
Min | 2 | Linkdistance | Max | 1712 ¥
Node degree | Max | 8 Ave. | 627.2 % ¥, A ',?‘A
Ave.| 3.92 Min| 1 &- e AN
Number offinks | 51 | Mopcount (Max) o cosT266 network < e v
Ave. | 2.76 A M : wavelengths of GRE capacity
@ More wavelength paths = 3 5 -—tit
> 88 + 8 wavelengths 50GHz spacing g g %m e
=
( C-band + a part of S-band, L-band )5 % % '
. Ba L
# Broader WB/GRE capacity ii E_',‘,
4 Compact implementation 278
! \ | 10 1% ; x
Avernge number of wavelength path required

between each node pair +
Ratio of requred path # of selective switch
"Y.Taniauchi et al.. JOCN 2013




Proposed 1x8 WBSS

WBSS ~N
D
switch
D FyITHA4RX
witch 74.6mm x 48.4mm
WB3 D
switch
s\\fvvi?é‘h /D Transmission characteristics
Q Wa5 s Property Value
e 7 D center wavelength error -0.04 t0 0.02 (nm)
yd insertion loss 4.47 10 7.69 (dB)
channel loss deviation
’ D in each output loss o e
. . polarization dependent loss | 0.02 to 0.41 (dB)
witch 1dB channel bandwith >0.10 (nm)
WBS8 3dB channel bandwith >0.18 (nm)
\D adjacent crosstalk <-37.03(dB)
\ J/ non-adjacent crosstalk <-37.67 (dB)
ﬂ 1x8 cyclic AWG[__]1x8 Optical switch coherent crosstall <3219 (dB]

v' Adaptation to 50 GHz spacing signals
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by very small increase of WBSS PLC chip’s size
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Specifications
® 3x8 WBXC
® 96 wavelengths / fiber
*50 GHz spacing on ITU-T grid
8 wavebands / fiber
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® Throughput 7.68 Thps
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Q Optical coupler - WBSS

v' Compared to previous device (5x5 WBXC)
»  Number of ports 1.60 times
» Size of WBXC module 0.68 times
» Capacity of wavelengths: 1.50 times s

Experiment:spectra
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