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Optoelectronics Research Centre
University of Southampton

e Largest Photonics group in the UK

e 50 year history

e 200 staff / PhD students

» >80 state-of-the-art optics
laboratories

e 3 EPSRC Programme Grants

e EPSRC Centre for Innovative
Manufacturing in Photonics

e Major EU grants - MODEGAP, PHASORS



The Mountbatten Clean Rooms:
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a world-leading flexible facility for materials, processes and devices
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Unrelenting Growth In Data Traffic

Traffic Growth Projected by CISCO
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The Telecomms Challenge

Improved
transmission
fibers
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Required single fiber capacity to satisfy
increasing internet traffic demand
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Year

Potential crunches ahead in both Capacity and Energy!



Modern Networks




Early Days of Optical Communications
written by _§chylous 458BC

What time of day was it when Troy was
destroyed?

CLYTEMNESTRA

Not day, but at night. Last night, in fact.

And the news has arrived already? How

I D P . S

i 1 Ty N
AEGEAN CLYTEMNESTRA
SEA & At the speed of light. Hephaestus' sacred
e fire blazed from beacon tower to beacon
: hehes tower, from Ida's top to Lemnos, and
I""I!'TEHEEK%& 1E1S from there to Athos, that island sacred
Tiryns z nmﬂ to Zeus, where they set the blaze they
- D, had kept prepared so long, and the
* Sparta T -:c?{? B4 : tongues of flame leaped up in the dark

Pvlos!

| of chorus singing the
+ First free-space optlcal link transmission ~600km n splendid crescendo. ...

Longest span 150km

L3

MEDITERRA

Y ¢ 1Dit/night
. 5-10m WOOd-plle flre ( tens Of MegawattS) the National Theatre of Great Britain
» TOO bad if it rained! NITIES FFH 901
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Early Optical Encoding Schemes

Pyrsia or Telegraph of Polybius (ca 150 BC)

Alice * building on ideas of Cleoxenus
and Democleitus

+ designed an alphabetic code
based on a "code-tablet" concept.

1 2 3 4 5
1 A B I A E A=(1,1)
2 Z H 0 I K r=(31)
3 AM N = O
4 NP £ T Y Q=(4,5)
5 ® X ¥ Q




Modern Optical Communications
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- 'What is claimed is: 3 SR e .
1. ‘A communications system for operation in the in- A transmitter source
frared, visible, or ultraviolet regions of the electromagnetlc

wave spectrum comprising a monochromatic maser gen- A modulator
erator, a coherent modulated maser amplifier, a modu-~ d
lating 'source, and -a detector; A detector

March 22, 1966 - A L. SCHAWLOW ETAL  2929,922
MASERS AND MASER COMMUNICATIONS SYSTEM
o Filed July 30, 1958
., FIG. 1 |

| MODULATED -
- ?fgg‘gg')" AMPLIFIER DETECTOR
_ - (seeFi6.3) | |

|\MODULATING
SOURCE




% Continuous vs. Pulsed Waves
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% Data modulation

Data
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optical spectrum at the TX output
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e The vast majority of lightwave systems use a digital format
e The signal is a stream of O and 1 bits

e The shorter the bit slot the higher the repetition rate (bit rate)
of the signal and the broader the optical spectrum



OOK DPSK, DQPSK, QAM...

e Virtually ‘infinite’ bandwidth of optical fibres has allowed
simplistic modulation formats to be employed

- On-Off Keying has been traditionally used

e Ever increasing demand for bandwidth calls for communication
techniques to become more complex

- Mimic the modulation techniques used in RF systems



Modern Optical Communications
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" 'What is claimed is: R - A transmitter source
1. A communications system for operation in the in-

frared, visible, or ultraviolet regions of the electromagnetlc A modulator

wave spectrum comprising a monochromatic maser gen-

erator, a coherent modulated maser amplifier, a modu- A detector

lating ‘source, and -a detector;

A transmission channel

March 22,1966 - A L. SCHAWLOW ETAL 2,929,922
| MASERS AND MASER COMMUNICATIONS SYSTEM
o Filed July 30, 1958
, FIGT |

' MODULATED . |
T | PR | i e
- £15. SEE FIG. 3 |
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Optical Attenuation in Silica
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Nature has been kind! But it took
the genius of Kao to realise it!

TRANSPARENCY OF GLASS
100km

km
Kao and

‘Dielectric 10m
WavegUid < Thickness of glass

frequencies’ for 30dB loss  10cm

IEE Proceedings 1966
mm

10pm

0.3pm
Ofpm  m  10pm  100pm

Wavelength of light

“a fibre of glassy material..... represents a possible
practical optical waveguide with important potential as
a new form of communication medium”




Requirement for SM Guidance

Refracted Light Ray
¥

# N,
" #———— Coating
- N

g Cladding

/

Incident Light
Ray

n = |ndas of Refraction
My > fz: Permits Total Internal Reflection

NA=(n,2-n,?)0> V= Zir_a NA < 2.405
The higher the contrast The higher the NA the smaller

between nl and n2 the greater  the core dimension for SM
the acceptance angle guidance (a ~ 5pm at 1550nm)
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A.W. Snyder and J.D. Love, Optical Waveguide Theory, 1983

V number



The early days in Harlow - 1966

Charlie Kao
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Optical Attenuation in Silica

-
-
* , EGYPTIAN
-

OPTICAL
GLASS

L
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+1966: Kao and Hockham publish paper in Proc IEE
+1968: Kao and Jones measure intrinsic loss of bulk
silica at 4 dB/km.

+1970: Maurer, Keck, Schultz at Corning report a single-
mode fiber with loss of 17 dB/km by doping with
titanium

+June 1972: Maurer, Keck and Schultz make multimode
Ge-doped fiber with 4 dB/km loss

+1974: Southampton reports phosphosilicate fibre with
loss of 2.4 db/km

+1978: NTT makes single-mode fiber
with record 0.2 dB/km loss at 1.55 um

Jeff Hecht - City of Light

{ -‘\-__ Source:




OVD Soot preform-making

Keck, Maurer and Schultz

Source: Pete Shultz



Vintage Payne
1969

The historic drawing machine
lost forever



Preform Fabrication S
Optical Fibre Preform: glass rod

Relractive Index

composed of cylindrical layers with well- s oy
defined composition and aspect ratio 4“;11#1 e
P rEfO rm a n Ufa ctU re Cladding Graded-Index, Mulli-Mode Fibre

-Modified Chemical Vapour deposition (MCVD) ,‘ n
-Vapour Axial Deposition (VAD)
-Outside Vapour Deposition (OVD)

Gas Deposition System

Sintered Glass Layer

Traversin, g Burner

Figure2 PREFORM FABRICATION

MCVD Lathe (ORC)

MCVD Preform Manufacture Process



Fiber Drawing

The preform is fed into the furnace (T=2000C) at a
specified speed.

The glass softens and forms a “neck”, allowing it to
be pulled into a fiber.

The fiber is collected by a take-up drum at a given
draw speed

The time averaged fiber diameter is governed by the
conservation of mass.

One or two layers of UV curable polymer are applied
for mechanical and chemical protection

Solid
glass rod

Fibre drawing
fumace

Diameter
control

Cuiter Coating

Resin coating
application

Core

Pulling wheels

Cladding

Inner Coating
Fibre winding system

geomerry

Preform “Neck” Schematic of Fibre Drawing



Limits of Loss In Fibres

1.4
1.2 |
—_ OH Absorption
e 101 Zero i
= . .
4 0.8 - dispersion
S
= 0.6 - Lowest loss
: !
— 0.4 -
- Si0 absorption
0.0 . . j j . .
1.2 1.3 1.4 1.5 1.6 1.7
Rayleigh scattering Wavelength (um)

- Rayleigh scattering (cc 1/A%)
- The Urbach tail (band tail of SiO vibrations)
- OH absorption



Attenuation [dB/km]
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- Water loss effectively eliminated
- Lowest loss reported = 1.48 dB/km
- Little scope for further improvement



(dB/km)

Log Attenuation

Wavelength (um)

I I I R
- BeCaKAl —
B Sio, |
ZBLAN
|
— ZnC|2 -
ZnCly  cdcsPb
| sio, CdCsPb |
BeCaKAl
ZBLAN—D OH(1ppb) |
INJ - exe
-1F" Crystalline v‘\—— Ce™ (1ppb) 4 =
KCl NN <\ >10dB
II Y
| OH(1ppb) —
Fe?' CO, laser
— (1ppb) T —
| I | | [ 1 1 1111
0.5 1.0 2.0 5.0 10 20

0.65 dB/km @ 2.7um
achieved in ZBLAN by BT
almost 25 years ago.

Theoretically 0.03 dB/km
possible.

Minimum loss around 2um

Mechanical/chemical
robustness?

Can we do better now
using modern chemical
purification and glass
processing technologies?



Group Velocity Dispersion

Example of the effect of chromatic dispersion on a
transmitted pulse
= L _A_
I Dispersive medium
D = E(_)
Input v Output

« Modal propagation constant is frequency dependent

B(w)=Po+ (@ —an)pi +3(®w—an) B+ (@ —an) s+ -

ﬁm=(jli)m n (m=12,...).

» Leads to pulse broadening as defined by

a’,ﬂj_ E:Ir-:"ﬁ_ A d*n
d A2 T T edar

N =

* Leads to pulse walk off as defined by
diz = Bi(d1) —Bi(d2) = v, A1) — flﬂ



N

CD [ps / (nm- km)]

Fibre Dispersion

ve = 1 /By
_dby  2mc, i{fzﬂ
b= =" nh="Tar

-30 1 [ 1 1 1
1100 1200 1300 1400 1500 1600 1700

Wavelength [nm]

« Fibre dispersion comprises material and waveguide components
 Waveguide component readily engineered

» Defines linear broadening of an optical pulse (data bit)

» Very strong influence on nonlinear pulse evolution
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* Over the years dispersion management has been a key issue in system design
and has driven various new fibre types e.qg.
» Dispersion-shifted (to 1550nm band)
 Truewave RS
» Dispersion compensating fibres

* More recently though advances in DSP have enabled the effects of dispersion to

be corrected electronically with standard single mode fibres becoming the fibre of
choice.
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* SM fibres support two degenerate orthogonal polarisation modes

» Core asymmetry however breaks degeneracy resulting in walk-off between
polarisation components of a signal

 Random coupling of signal between modes unless very high values of
birefringence achieved

« Compromises transmission quality without mitigation



Fast T Fast

j\ ast Slow PR
o ~ Fast T ’
Segment 1 Segment 2 Segment 3

Slovv\‘

Slow

Fast T Fast

J\ Fast Slow _}\_
Segment 1 Segment 2 Segment 3 j

Slovv\‘

Slow

Random coupling along length of fibre causes polarisation components to mix
during propagation which can cause significant problems.

Solution is to spin fibres during draw to ensure strong mixing in this way the
total spread of pulse energy is constrained (becomes a random walk problem
with delay scaling with sqrt(L) rather than with L).

More recently DSP based MIMO techniques can be used to enable use of
each polarisation mode as a separate information channel.



Nonlinear Effects In Fibre

FE 1, FE
6'

t T t t

Loss Dispersion Dispersion Slope Kerr nonlinearity

=iy |E|°E

N ‘ . o ngy (W) |EP
E(r,t) = éﬁ (F(ﬂ'., y) - E(z.1) - Euﬁuz—mu) " (-;-.J, |E|3) = nyin (w) + nifflﬂ}-l!. |
* Nonlinear effects governed by NLSE 9 - on
* Rich body of phenomena and effects T Aorr
« SPM, XPM, FWM, solitons, etc |
» Readily soluble numerically: particular cases
anaytically (" F (x.y)Pdxdy)’

 Significant control through fibre design Acff =

—
« Ultimately limiting for communications JZw |F (x,y)|Pdxdy



Interchannel XPM

Dispersion
Compensatl()ﬂ Tlmlng

[ NP

Dispersion

N

N
7

Amplitude

IXPM

Amplitude

Vv

Time

IA; " | dA; | iBa 9°A,

Time

(04 . 2
+ A1 = in(jAiP +2042)as,

9z vg ot 2 o
dA> I aAg_l_iBZZ %A,

2
ah

+ !
a: Vg2 ot 2 afz

18 2"A3 = '72(1‘4

Amplitude

A\ 4

Time

2'2 +2IA1 |2)A2'



O Interchannel FWM
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K = Ak + Akw + Ak, = 0,

* Only really a problem in low GVD
fibre where necessary phase
matching preserved over long
lengths.

 Killed-off the use of Dispersion-
Shifted Fibres (DSF)

« Mitigated by using high local
dispersion




Who needs an amplifier....?
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Electronic « 3R » repeater

p-i-n/APD _ _
photodiode Power amp integration hv
décision laser
O Hipaays ] Q
fibre e

u-lens pre amp equalizer driver u-lens

o Emn

oscillator

phase-lockiked loop

* Bit rate and modulation format fixed - no flexibility, one wavelength channel
» Bandwidth limited - electronic bottleneck (1-10 GHz)
» Complex and costly apparatus, high power consumption



Requirements:

- High small signal gain

- High saturation power
- Low added noise

- Broad gain bandwidth

Erbium-doped fibre amplifiers (EDFA’S)
Semiconductor optical amplifiers (SOA’s)
Raman amplifiers



Virtual state
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1450nm
photon W>1550nm
MVVV\) photon
Vibrational 4>
« =100 nm
States (phonons)y,

Raman scattering can occur in any fibre

Photons exchange energy with the
material to generate a new photon at a
different wavelength (and a phonon)

Broad gain bandwidth (~5THz or more)
Can operate at any wavelength
Typical value for power required to

observe Raman scattering ~ 600 mW (for L

= 20km)

Signal

—

Ll L Ll L%

Co-propagating
Pump

Counter-propagating

Pump

gr [1/(W-km)]

20
Pump-signal frequency difference [THz]

[(wx-An)/1L] 6




The Erbium-doped fibre amplifier

Southampton 1986

—h
x o

OPTICAL
INPUT »

Galn }:0:"\

1.54
Wavelength (pm)

Poole

“The broad fluorescence linewidth of rare-earth ions in glass allows
the construction of broadband amplifiers for use in wavelength-
division multiplexing. It should be possible to use distributed
amplification as a means of overcoming losses in soliton
propagation”

ECOC 1985, Venice



O The EDFA

Isolator

Erbium-doped fiber Gain-flattening
Sgnal_ > e
Isolator
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Pump Pump
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Low noise (NF ~4-5 dB), high gain (>25dB) possible over >10 THz bandwidth



Signal power [dBm]
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Distributed Raman + EDFA

i Span 1 Span 2 Span 3 Span 4
Co- i ] . . .
S - Nonlinear limited region
]l = : : EDFA-only
- e 1 3 " " amplification
“>~_. _Counter-pumping _ -~ ] =% " "
i T~ _p. _,p % 1 2 p - Hybrid EDFA +
/VOBZ["\ ]l 8 counter-pumped
i /770//79 i § Raman
- (a) 1 2 amplification
B N n ; L .
- . . . . - Noise limited region
0 20 40 60 80 100 . :
Distance [km] Transmission Distance

« Transmission fibre itself used to provide distributed in-line amplification
 DRA can reduce peak and minimum powers within the link
« Of significant value in long-haul systems

Improved OSNR/reaches possible combining EDFA + DRA




ered by Fiber Amplifiers

- :Praseodymium-doped FA
: Thulium-doped FA
: Erbium-doped Tellurite FA

1.55um 1.65um Band
1.45um Band (C-band) EDTlliA

TDFA EDFA 1.2

1.0
Gl
S
m
1.3um Band ©
PDFA | ORC TDFA | 0.6 @
o
-
| -
()
0.4 3
L

0.2

0 0

1.2 13 14 15 16 17 @

Wavelength (4 m)



The Remarkable Increase In
CW Fibre Laser Power

10000

Power [W]

100 1

1000
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Long-term trend s -~
X 1.7 increase year on year g 2
.‘//
"
-~ 1
//// "
] ‘,"’ "
-
,/
.-
.- Wavelength ~ 1.1 um
-~

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Year

Same picture of growth for all wavelengths and modes of operation



High-power

output with
Seed —HAmMp >—H Amp >{— Amp characteristics
determined
T T T by seed

High control High gain High power

. Fibers provide high gain, high power, broad bandwidth
and ready cascadability

- Precision provided by (low power) seed oscillator

- Combination allows projection of seed properties to ultra
high power levels

- High powers allow efficient wavelength conversion

Challenge is to maintain seed fidelity in presence of
noise, gain dynamics, nonlinearity, dispersion, birefringence etc..



Global Fibre Deployment (Mkm)

[0 Multimode

® Other S-M

I Cable TV

@ Oth. Local Tel.
O FTTB, _C, _N
OFTTP

O Int'l Subm.

H Long-Distance

1989 1992 1995 1998 2001 2004 2007

Other S-M = utility, railway, highway, government, military, premises, etc.

Other local tel. =CO trunks, metro rings, business/office parks, CLEC, etc.

« Total deployment approaching 1 Billion km!
« Growth in all sectors

 Greatest in the Metro/Access

 Most rapid growth in FTT-P



Global FTTH deployment
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Far East (Japan, Korea) well ahead in deployment of FTTH
due to government investment.

100 MBit/s services typical with 1 Gbit/s available
Cost/regulation has been an impediment to deployment in
Europe/USA, however now areas of rapid growth
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> 500,000km of undersea fiber optic cables @



Courtesy of E. Desurvire



Optically-Amplified Transmission of
Wavelength Division Multiplexed Signals

Multiple Data

Channels
EDFA EDFA
.. Transmitter ) . ) . . ] Receiver
) Optical Fibre Optical Fibre  Optical Fibre
~50-100km ~50-100km ~50-100km
Transmitter Receiver

Transmitter Receiver
Receiver

Transmitter

amml Transmitter Receiver

10s to 100s of WDM channels in a single optical fibre



Commercial Lightwave System Capacity
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State-of-the-art Transmission
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Research records 25.
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New world record 69 Thit/s =432 x 171 Gbit/s = 16 QAM format
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» Simple modulation technique

« Easy to implement and very simple detection

 Low power use

» But highly sensitive to fibre impairments and poor
spectral efficiency



Advanced Modulation Formats

The rebirth of coherent communications

1 bit/symbol 2 bits/symbol 4 bits/symbol

~112 Gbaud ~56 Gbaud ~28 Gbaud
(OOK, DB/PSBT, . (DQPSK, pol-muxed OOK, ...) (pol-muxed (D)QPSK, 16-QAM, ...)

oo _HmES Im{E,} Im{E, }
}Re{Ex} Re(E,)

>

 Im{E, }
Im{E,}

Re{E,}

Re{E,}

E, ... Optical field, x-polarization
E, ... Optical field, y-polarization

* Research into truly coherent systems (with LO at receiver) reborn




Advanced Modulation Format Signalling

M-level Phase-Shift-Keyed (M-PSK):

Binary (BPSK) Quadruple (QPSK): Eight PSK (8-PSK):
AQ k(2 010 Q

Quadrature-Amplitude Modulation (QAM):

Quadruple (4 QAM):
AQ
OlO Oll

o o,

00

Exploit phase and amplitude of electric field

Use electronic DSP to make practical

Higher spectral efficiency, increased tolerance to transmission impairments
Better receiver sensitivity
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MZMjy: Q%»

+

MZM,+
Phase shift: ;




DAC

N\

MZM;

MZM,

DAC

16QAM 8QAM

32QAM

31.25 ps

16QAM

32QAM
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: Local :
: Oscillator |
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- |
Frequency [THZ] T >
A A A
BW BW
- | ~
II\
XY |
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N |
| |
o“: I :"\ I
IR i N >
- IR " ) "(Uu:' ) Wi " g
Homodyne Heterodyne Intradyne

« Each approach has its own advantages and disadvantages
* Intradyne best compatibility with DSP
* increased laser stability/linewidth tolerance etc
 Reduced bandwidth requirements



PBS

LO
%

90 optical hybrid

%(EX_ELO)

ial(‘t)

%(j Ex+j ELO)

-

?

IaZ(t) ’

Optional

%(jEx-ELo)lg

ipa(t)

H

2

IbZ(t) '

Optional

%(' Ex"'jELO

—(Ey-ELo)

icl(t)

0

—+(E,+ELo

|c2(t) '

Optional

+(Ey- ELO)lﬁ

ic3(t)

=-Ey+ELo)

2

|c4(t) ’

Optional

Price to be paid in receiver complexity!
« Allows full recovery of complex field facilitating DSP impairment correction

Anolog-to-digital converters

QX

QY

Digital Signal Processing (DSP)




Digital Coherent Reception

_‘g Digital Signal Processing

Resampling

o)

=
S
o
@
=
]
(@)

Anolog-to-digital converters
Timing Recovery
Bit error counting

2x2 MIMO Equalization

CD estimation and compensation
Frequency and phase recovery

 DSP enables a significant reduction in optical system tolerance/specification
 However, does present a significant power demand



IX+]Q

lY+jQY

IX+jQX = Ex(L,t)
= Ex(0,t)*h(L,1)

IX+]QX = Ey(L,t)
= E,(0,t)*h(Lt)

CD estimation and compensation

FET EX(O,w)-H(L,w)/><\ Ex(0,w)
> CD
»| Estimation
H™(L,w)
FET Ey(O,w)-H(L,w)f><k E,(O,w)

\/

IFFT }——>
Ex(0,t)
E,(O,t
IFFT y(ﬁ

CD estimation and compensation
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Bit Error Rate

Gross i Net i SE i AOSNR i Implementation
Bitrate!Bitrate! (50Ghz)'  wrt QPSK ! Penalty
[Gb/s]i[Gb/s]i[bit/s/Hz} @ BER 1e-2[dB] @ BER 1e-2 [dB]

."_1_2_5_;"; 100 o 2 ________ o 1 ________
- 256 | 200 | 4 | 6.6 i 1.9
: : : (€©)) :

« Typical implementation penalties1-2 dB

« Higher complexity patterns require higher OSNR

 Upto 1024 QAM now demonstrated in lab!

* In practice 16-QAM probably as complex as one might use due
challenges with OSNR/complexity versus SE benefit

4.05
(1.76)

150 1.4

250 | 9.82

(3.98)

2.8

OSNR [dB/0.1nm]



% Even nonlinearity correction!

X

Transmission

.........................
o (Y

_ Amplifier§
Signal ' !

XN
: Nonlinear |¢ Linear s Power V
5 step A step A Adjust [y
: X|\/|>_ ) :
AN

Electrical domain

Backpropagation

RX
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1101001001011120.

Corrected

1101001001011110110101001
— > — TX
Payload Overhead
(k bits) (n-k bits)
Parity check
Error
S
\
,/|[1111001001011110110101001
Rx
\
\

l—
<—

» Allows system operation in low OSNR regimes

» Coded data with overhead required to identify and correct

errors via parity checking
e e.g. 9dB coding gain for 7% overhead allowing quasi error free
transmission at BER= 103

Forward Error Correction

..........

g‘tio

[auuey)d

.........

@



Bit-error ratio

Performance of FEC

OSNR [dB/0.1nm]



MODERN OPTICAL TRANSPONDERS
LOTS OF DIGITAL PROCESSING

gl EEN EEN NN EEN EEN EEN B B B S =S . — g N o s o Es Em = = -
p o >

Fa

/

PDM
I/Q-MOD

Saoeuajul usID

PDM —LO Laser

Coherent
Receiver |,

— i — e — e e e e
w
¥
=+

Monolithic Silicon Coherent Receiver

FEC: Forward error correction

PDM: Polarization-division multiplexing
DSP: Digital signal processing

DAC: Digital-to-analog converter

ADC: Analog-to-digital converter
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State-of-the-art Transmission
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The ultimate spectral density limits

Capacity per unit bandwidth
(bits/s/Hz)

- N W kR O OO N

o

—®— 1-ASK, M-PSK
S Y— 4-ASK, M-PSK
16-ASK, M-PSK

Record experiment

over 240 km

1 1 1 1 1 1 ]

3] 10 15 20 25 30 35
SNR (dB)

40

Example
4-ASK, M-PSK

©

-1 0 1
Real part of field { mW"= )

—_—

i
—_—

Imag part of field { mW!2)
=

(2000km transmission)

Maximum information spectral density (ISD) limited by fiber nonlinearity

Up to 5.5 bits/Hz possible per polarisation

>8bits/Hz SE routinely achieved e.g. 32QAM + 2 polarisations
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P,~N,e".n,.hv.B

Parameter Value
System Length 2,000 km
Spacing 80 km
Noise Figure 45dB
Spacing 50 GHz
Baud Rate 50 Gbaud
Fibre Loss 0.22 dB/km
Non-linearity 1.4 W-1 km
Dispersion 16 ps/nm/km
Wavelength 1550 nm
Bandwidth 5THz
Channels 101

€ Tyndall

0.001

0.01
Power spectral density (W/THz)

0.1 1

A.D. Ellis et al., JLT,
28, 423, (2010).




C B P P,~N,e*n hv.B
Bl AF TR
o A P, -2 o) B @b

18, 5 ’ 2. )In(N, /2) 72
16+
14| # channels
12+
10¢

ISD per polarisation
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Power spectral density (W/THz)

§ Tynda" A.D. Ellis et al., JLT,

28, 423, (2010).
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Unrelenting Growth In Data Traffic

Traffic Growth Projected by CISCO

‘1.5 | 1 I I I | I 1 1 1 | 1 1 I I 1 I I I ! 1 1 1

- Consumer Internet Traffic § E
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= | mm——— File Sharing(P2P) 1
g | === Video g .
s [ =====Gaming | 1 Percentage
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L] T | L = Vidgo i
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201 2012
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source: Cisco Visual Networking Index: Forecast and Methodology 2008-2013



Unfavourable Economics

450,000

400,000 —=ATRT A
T

30,000 -l=\erizon
300,000 _
—de—Traffic (A.U.)
250,000 K

200,000
150,000
100,000

20,000

Revenue ($millions)

2007 2008 2005 2010 2011 2012 2013

Year
Source: Fortune 500

T.J. Xia (Venizon at WIN 2012, Inuyama)



1013
Global electricity supply 3% p.a. growth

/

1012 k
NS _
. .en{:‘J -
Power Consumption of Internet -
. L8]
(Including servers) Qe

1011_ -

100 f

Power Consumption (W)
\
\

\
jun}
3

o
)
=2
2

[{w]

o]

=0

15% p.a. Improvement 40% p.a. Data growth
in all technology

10% p.a. Growth in user numbers

2010 \ 2015 2020
1.5 billion users Year

2% of global power production in support of ICT infrastructure in 2012
In certain countries, e.g. Japan, numbers are even higher
Most consumed in electronic routers/ data centres

R. Tucker GREEN TOUCH Open Forum 2012



Capacity (bits/s)

A Saturating Transport Technology

A S
- Ay ?
- \) e\leﬂ
Nonlinear Shannon limit for current technology & S
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High spectral efficiency coding Q5 0 ¥ - ’m
f Z g Capacity crunch
1 e\}e p y
WDM —, g ¥A0
I @)
i EDFA | Required single fiber capacity to satisfy
g increasing internet traffic demand
= o . — O
- « o0,
B Improved
o transmission
- fibers
1 1 I L L 1 1 I L 1 1 1 I L 1 1 [ I 1 1 1 L I >
1980 1990 2000 2010 2020

D.J.Richardson, Science 2010 Vol.330(6002) pp.327-328



Routes to Higher Capacity

Overall Fibre Capacity =

New amplifiers
Extended low [C

Available Bandwidth <~
Exploit electronics...
Low nonlinearity

. Ultralow loss
x Spectral Efficiency oY

Multi core fibre

MM fibre

X Number of Information Channels >



Multi Element Fiber (MEF) Multi Core Fiber (MCF)

Fiber Bundle

Few Mode Fiber (FMF) Coupled Core (CC)  Photonic Band Gap Fiber (PBGF)

D.J. Richardson, J.M. Fini and L.E. Nelson, Nature Photonics, 7,354-362, (2013)



« Significant proven capacity gains/technical merit
with overall reliability comparable/better than
existing technology

* Reduced costs-per-bit (CAPEX/OPEX)

* Networking compatibility

o Graceful upgrade scenario

e High volume manufacture



o

Some Key Common Issues

Channel Mux:Demux

 Fundamental propagation characteristics
e Channels per unit area

e Channel coupling

« Amplification

* Practicality / cabling / interconnection

» Potential for cost reduction

Potential applications in both long-haul, short-haul systems



Data Center Interconnection

Information flow per unit area and latency key in supercomputers and datacenters

New high spatial density fiber solutions required



( Scaling Capacity: N x SMF Systems

N X SMF
N x OAs N x OAs
o [E] @ El o
Tx1 0OA1l OAl Rx1
Tx2 OA2 OA2 Rx2
im Q) [E
TxN OAN OAN RxN

Once optimised transmitters/receivers adopted further capacity scaling can

only be achieved by lighting new fibers at an effectively fixed cost per bit




o

SDM Cost Reduction Opportunities

» Integrated Transmitter/Receivers

* Integrated optical amplifiers

* Integrated optical ROADMs

* Reduced connectivity/splicing costs
 Reduced duct space requirements

* Fiber manufacturing benefits?

Primary benefits derive from potential for device integration



Possible Upgrade Scenarios

N x SMF N x SMF

Partly
SDM

a7dH
a7dH

Cladding Pumped
N-mode OA

Cladding Pumped
N-mode OA

Cladding Pumped
N-mode OA

N-mode N-mode N-mode N-mode N-mode N-mode
DeMUX DeMUX DeMUX DeMUX DeMUX DeMUX

2
aldH
aldH

o
somonf—— 2

sonon

TxN Cladding Pumped Cladding Pumped Cladding Pumped m
N-mode OA N-mode OA N-mode OA
Integrated Integrated
SDM Transmitter SDM Receiver

N-mode N-mode N-mode N-mode
DeMUX DeMUX DeMUX DeMUX

2

2 ) o B @1 E
F u I Iy Tx2 SDM OA1 SDM OA1 SDM OA1 m

B | Il |
S D M N-mode SDM Fibre N-mode SDM Fibre
TxN Cladding Pumped Cladding Pumped Cladding Pumped m
N-mode OA N-mode OA N-mode OA
Integrated Integrated

SDM Transmitter SDM Receiver






56

bit/s over 76.8km of 7-C MCF

& TMC#2

Core# |Loss (dB)| Crosstalk (dB) |Loss (dB)|Crosstalk (dB)}
Center core 1.1 0.55
Cuter corel 0.75 -48.0 210 -49.0
Cuter core? 277 -47 5 0.90 -46.5
Quter cored 1.95 -45.0 0.45 -46.0
Quter cored 0.98 -48.0 113 -47.0
Cuter caref 1.42 -45.0 208 -48.5
Quter coreb 1.37 -47.8 1.61 -45.5

average 1.48 -47 4 1.26 -47 1

16 T T T
15Ebig'vv: - J“.. i L8
*
) "
T e
o~ v
o )| @ centercore o o
] @ outercore 1 _ (a) ‘
& outer core 2 Q Q’
10H 4 outercore3
outer core 4
9H @ outercore5 a ‘ , a
¢ outer core 6 [ e
T — ~ - - 1 1 | 1 1
18'5»30 1540 1550 1560 1570 1580 1590 1600
Wavelength (nm)

e 9/47um core diameter/spacing

» Fiberised Mux:Demux with low
loss and X-talk

o 76.8km length (1 in-line splice)

» Total X-talk<30 dB (centre core)

o SE=14 bit/s/Hz

B. Zhu et al. OFC 2011 PDPB7



Yre 19-core Transmission Experiment
> <

- . e

LTI A
EE-bﬂiﬂeL'z;- \&,Q

Lighrsc-urce&_:_ 26 Gb/s i'____PDTCﬂ'rTFX Monitor) switch 1005 — 14 Bal:mced PDI;; i
(even30D | 1] QPSK . 1x20 19-ch o k= R ~07mm ~08mm S -l (25 o me ||
25 1PRBS FL- AL upler : _| sptitter § ch-to-ch. § SDM SDM E ' bybong analysis| |

_ itdelay : . delays MUX O DEMUXEE  (C+L) BFF (Corl) i I_;,w [ADC | !
IE;%].E ?':u:'v;r;:tas_{_ 86GhE |_ :_____ — E(]::‘)+};_:| 19-core MCE ® ¥ Conctellation ! hyhid:@m i
SipRBS] LT Pk 10t [i & @1555mn ] prical modlation aalyzs

* Bulk Optic Launch Assembly
o SDM(19 core) x WDM(100ch) x PDM-QPSK (2x86 Gb/s) signals
» 305 Thit/s total capacity

e 10.1 km span
J. Sakaguchi, et al., OFC 2012, paper PDP5C.1.



12-core fiber
V-groove substrate  Small diameter fiber

Crosstalk penalty (dB)

=30 I I 0.5
— T3 a% —1 04
% rd
. . .. . — =34 . "
Geometry optimised to minimise x wﬁ‘d' ok 03
crosstalk and maximise coupling from *% W o aNmY i,
. . L]
small diameter fiber bundle. O g5l o
@] A — 0.1
_40 L
| | | | | 0.0
1540 1560 1580 1600 1620

Wavelength (nm)
H. Takara et al. ECOC2012 PDP Th3.C.1



o 1 Pbit/s Transmission in 12C Fiber

If 111 Odd channels )

12-core fiber

V-groove substrate - Small diameter fiber

™\ ] T TH Cor ¥
111 Even channels - | |
{[%i};: 12-coremcr | [ > Coherent
Pol. — 52km N
Signal SC-FDM MUX FLEE} - n é = | (B
under test T - 2H 3 =r W"\.. M .
|/ —E cHE| 8
vy ® — | = = = ar N
456.8Gb/s PDM 32-QAM SC-FDM signal - {EE}N— &i ¥ e sl i
= I 1:—_ — [
z @ | Ox| 2l 1 -
58 - = 17 8]
z E N = = / Core-10, 0.5nm res. —
== | ¥ B0GHZ | | T[T | ProfileofmcF | | o-—ti— QL
Wavelength (0.1nm/div.) o - Wavelength(nm)
T T T T 1 ~ Ch60, Corel,sc-6 ~
10~ O corel O core2 & cored v core4d @ cored [ coreb T

® core] ¢ core8 X cored

corel0 X corell + corel2

o]

Q-factor (dB)

~

FEC threshold : 6.75 dB

6
1520 1540 1560

1580

Wavelength (nm)

1600

1620

o 222 (WDM) x 12(SDM) x 486
Gbit/s (PDM 32-QAM SC-FDM)

» Total Capacity = 1.01PBit/s

o SE=91.4 bit/s/Hz

e L=52km

H. Takara et al. ECOC2012 PDP Th3.C.1



MCF Amplifier

980/13550

Signal cross-talk<30dB
Low cross coupling of ASE
Internal NF~4dB

Passive losses ~ 5dB

Net external gain ~ 25dB

WDM B

980/1550

Er-doped MCF

=[-Cap C WDM °
TEE |

signal Optical
out spectrum

analyzer
- 20
Gain NF
- 15 —a— # =0
= | —m—#1 #1
M
410 » "
w
- —a— B3| k- ®3
-5 —_— st | e Y
—a— 5 o HE
10 ] 1 1 ] ] 1 ] 0
1510 1520 1530 1540 1550 1560 1570 1580 1590

Wavelength (nm)

K. Abedin et al. OE 19(17), 16715-16721, 2011




Cladding pumped MCF-EDFA

Integrated Pump
Signalln iSignal Combiner _ Er-daped — Signal

— (TFB) OmcF A
Muﬁmne ?ZI/-\ TFE “‘x__i

Pump LD
- et | 26 =
Input signal power: -20 dBm ——if
—— 81 i
30 o . — 2 20 — e
25 f D, —— 2 il
& 7 g - 5 1° —— 6
g 2 '’ Y ——#6 o g —— Averaged
£ 15 . L wf
o [
10 L
o 3 e g s,
-]
[/ ] I T P P T R
0 b] 1530 154D 1550 1560 1570 1580 1590 1600
1530 1540 1550 1580 1570 1580 1590 1800 Wavelength (nmj
ﬂ Wavelength (nm)

Good potential for cost reduction
Gain shifted to longer wavelengths due to lower pump intensity (inversion)
Lose precise control of gain of individual channels.

K. Abedin et al. OE, 19, pp16715-16721, (2012)



( Amplified all-MCF Transmission
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6160 km total transmission distance
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H.Takahashi et al. ECOC 2012 PDP Th3.C.3
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o 7 x 201-channel 25-GHz-spaced Super-Nyquist-

WDM 100-Gbit/s (30 Gbaud DP-QPSK) |
K. lgarashi et al. ECOC PD3.E.3 (2013)



TRANSPONDER INTEGRATION
MULTI-CORE FIBER INTERFACING
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[C. R. Doerr et al., Photon. Technol. Lett. 23(9), 597-599 (2011)]

LI AT RS R SRR NN RN RARY RS RS R R R L RN R R R R R R R RN RN IR R YRR R RSN AIEatEIGLucEnt @

27



Amplified 3-core Super Mode
Transmission Experiment over 1200km

e e e
a) b) LPy LPy, LPy LP,,+LPy; LP;;—LPy

4/3r 21P3nx @ 23x 43=n

75 ns 97 ns

49 ns m% . .
— N\ = S * Ready excitation of super-modes
e HHE (unitary transformation of

4|l . excitation modes allows MIMO)
ator O0p _oading signa . .
el T « Engineerable mode shapes via

oo
Q00
ool |n!
'Eil_’ | fibre microstructuring
RS » Amplified low-DGD transmission

e LeCroy 16 channel, 20 GHz. 40 GS's over 1200km demonstrated

2ch - 20 GBaud Ps“m Gating Trigger E e
ync

R. Ryf et al., ECOC 2011, PDP Th13.C.1






Multil Element Fiber

MEF -

preform
Assembly

Furnace

Coating
Assembly
Rewinding

Drum

(b)

» All fibers drawn in a single
process

» Ultralow cross-talk

* Fibers readily split apart for
Mux/DeMux

» Allows core or cladding-pumped
amplifiers

S. Jain et al. Optics Letters, 38, pp. 582-584 (2013)



Multi Element Fiber (MEF)

Preform
Assembly

Non-compact and Compact 3-MEF

e MEFs drawn in up to 10km lengths with
negligible loss as opposed to single core
preform

» First transmission experiments successfully
undertaken

E PS Rc Transforming the Internet Infrastructure: UNIVERSITY OF
Pioneering research The Photomics ]‘I}"T’I L'.‘!'['Ii:'.'__'_l'l‘;‘n":i}" Southampton

and skills I




4x high NA
multimode

Er-doped fibre

GTWave fiber

Single mode laser fiber pump fiber

\Tx \ -/ .

1
= S— Y
US Patent 6826335

Undoped fibre for pump _
delivery @ Pump iight

» Active fibre elements cladding-pumped, providing gain in each doped core
 Pump delivery through one fibre element

 Pump coupler effectively produced in the fibre draw

» Allows use of low cost, broad-stripe pump diodes

» Previously commercialised in context of high power fibre lasers (SPI Lasers Ltd)




Amplified MEF Transmission Line

3.07 km + 3.5 km _ M':“A' A mi ErfYk
ey @)

3-ELEPMEMI TRANSMISSION MEF
Multimode

laser dlodcfi 5-ELEMENT CIADDING
PUMPED ME-EDFA

40 km 60 ki 60 ki 40 k 60 k k 40 k
b—bbD Db

AURORA DARK HBRE LIk

24
‘l
" B2B
] 400 km
A aft. ME-EDFA
3 v 400+ME-EDFA
s
x4
Q
&8s
G -
7]
g
T ¥y
47—y < 1 - I r 1 r°r + 1T ° 1 w
4 [ 8 10 12 14 16 18 20 1530 1535 1540 1545 1550 16555 1560 =z
OSNR (dB) Wavelength (nm)

» Transmission fibre and amplifier concepts validated
o Compatibility with installed fibers shown
» Both 3 & 7 element components fabricated V. F. Rancano ECOC PDA1.C.2 (2013)






Pelay
1ns

0.0.0)

LPg,

Delay
27ns

000

Delay

5%05

6-channel MDM over 10 km three mode fiber

(3 modes/2 polarisations)
Phase plate/bulk optic excitation
MIMO correction of mode coupling effects

Offline processing (computationally intensive)

Beam (d)

R Ryf et al., OFC 2011 PDPB10
(A. Lietal.,, OFC 2011, PDPBS)
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» Linear properties of system characterised by 6x6 impulse response matrix

* Need to use an N-tap DSP filter to retrieve data where N determined by the
Impulse response spread.

* Need to reduce fiber DGD to reduce N and complexity of processing.

« MDL/MDG ideally also needs to be small

S. Randel etal., OE,19,16697-16707, (2011)



refractive index

Beat Amplitude [dB]

Low DGD 3-Mode Fibre

— LPO1

P11

] = = i
L] %y ] e ] Lo =

o
u

L
(=

L
L

radius

e 2

iy Nﬂ* ey 'Mﬁ* %,w w " oy -

Property Unit Value
Spool length m 30000
Distributed mode coupling LPy; to LPy; dB -25
DGD between LP;; and LPy, ps/m -0.076/-0.081
Dispersion LPg, ps/(nm-km) 20.0/19.8
Dispersion slope LPy, ps/(nm”-km) 0.065/0.067
Effective area LPy; 1 m’ 97/95
Dispersion LPq; ps/(nm-km) 20.0
Dispersion slope LPyy ps.-"'(111112- km) 0.065
Effective area LP;; 1 m’ 96
Attenuation OTDR LPg,; dB/km 0.198
Attenuation OTDR LPy; dB/km 0.191
PMD LPy, ps/+km 0.022

» Parabolic profile to minimise DGD
« Excellent fibre uniformity

e Low loss

llIlD

2000
DGO [ps]

3000

4000

L. Gruner-Nielsen et al.,

« Very low intrinsic mode coupling
Low DGD obtained (of both signs)

OFC2012, PPD 5A.1



‘\/

OFS graded index four LP mode fiber ofs

A Furukawa Company

—  Angg LPy, An

An

Fiber radius

Four LP mode

Refractive index profile
P Six spatial modes

Your Optical Fiber Solutions Partner™



Requirements for Differential ofs

Group Delay (DGD)

e DGD can be compensated by combining fibers with positive and
negative DGD.

6 . . .
a) 4 Differential group delay map | = b) 5 Impulse Response
oy 0z

fg‘* 5 ’/ LPZ’I_——“—Q}{%_‘- o 0
Sl P ~ 2 5
Qo = 74""/" N ) |
Q 5 \\j/ S

“ P 19

4 -20

0 10 20 30 40 50 60 -10 -5 0 5 10
Distance (km) t(ns)

Fig. 1. a) DGD map for the 59-km compensated FMF span. b) Impulse response of the FMF span.
OFC’13 PDP5A.1, R. Ryf et al.

* Local accumulated DGD not too high
< To minimize width of plateau in impulse respond
> R. Ryfetal.,, ECOC,12, Tu.1.C.1
e Local DGD not too low
< to suppress intermodal nonlinearities
» R.-J. Essiambre et al., ECOC,12, Tu.1.C.4

Your Optical Fiber Solutions Partner™



Gain Equalised 6-Mode EDFA

SMF SMF
phase
LP,, DIKS)
SMF
- MBS BS

* Ring-doped fiber
« Bidirectional 980nm pumping

 Pump mode control through phase
plate launch

 Gain flatness of <2.5dB across the C-
band

Y. Jung et al. IEEE PTL 2014
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o Cladding Pumped 6M-EDFA

0.006 12
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E 0.004 g 08
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E. Lim et al. OFC 2014
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V. Sleiffer et al. ECOC 2012, paper TH3.C.4
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96 (WDM) x 3 (SDM) x 256Gbit/s (PDM-16QAM)
Inline FMF-EDFA, 119km (84km+35 km)

Low DGD fiber + partial DGD compensation
Phase plate based Mux-DeMux (~10dB loss)
TS-based DSP with 20% FEC overhead

Net transmission rate = 55.7 Thit/s

Mokia Slemens
Metworks



o Photonic Lanterns

angle-mods Mummade Muiticore fibre with

smgl'e-mode

PCF jacket
(a) MMF  transition SMF cores
core
s _ \
Leon-Saval et al. Opt. Letts. 30, (2005). m

Leon—SavaI et Opt. Exp, 18, 8435, (2010)

AAAL

SMFs input FMF output  LPo1 mode group LP11 mode group

Leon-Saval et al. Opt. Exp., 22, 3 (2014). P Mitchell at al. OFC 2014 paper M3K.5



e 192 X3 Modes x 5WDM
e 32 Gbaud PDM-8PSK

« Low DGD fiber

 Ring doped EDFA

e ~480 km Error free with FEC
e >1000km with QPSK

Coriant; TU/e )

S N s

Bit-Error Rate
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G 1

1
0.4nm |
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T Re1 0
LO
L} N g
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w || n
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LO

FEC-limit

10 ¢

—O—Average BER
# Mode 1
+ Mode 2
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I 1 1 I
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Transmission Distance [km]

V. Sleiffer et al. PDP 6 IPC (2013).
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R. Rfy et al., OFC PDP5A.1 (2013)



’ch — DAC 400 ns

30 GS/s
Q] [
DN-MZM PBS

b)

Mode Profiles of the PL-MUX:

" ISR

 Lowest 3 order mode
groups of GI-MMF
excited via PL

 Transmission over 17km
GI-MMF demonstrated.

» SE=7 bit/s/Hz

» Total capacity = 23 Thit/s

R. Ryf et al. OFC 2014, PD Th5B.1
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* In MCF limited by fibre strength considerations and requirement
for low cross-talk 12-19 cores maximum.

* In FMF12 channels (including polarisations) so far demonstrated.
Tractability of DSP and management of MDG likely to be limiting.

* Apply MIMO to higher core-count MCF?

« Combine MCF + FMF to cascade scaling benefits?



crosstalk (dB/km)

Combining MC and FMF approaches

]
Trepch-assisted

_____________
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—0 00— qp—
B o

ECL

Free space coupling Free space coupling

Offline 90° \| ® i
DSP RTO Hybrid 6
Lo 10 15 20 25
OSNR(dB)

C. Xia et al., IEEE PTL 24 (21), 2012.
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FS = Frequency Shifter

IL = Interleaver
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Pol. Mux = Polarization Multiplexer
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WSS = Wavelength Selective Switch
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PDM-32QAM-OFDM

D. Qian, FIO 2012, PDP paper, FW6C.3



Estimated Crosstalk (dB)

O .05 Pbit/s transmission in MCF/MMFE
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<, Multi Channel CC Fiber
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o Even More Radical Solutions:
Hollow Core PBGFs

o _ Hollow core
Periodic lattice of holes _ _
Modes in a low-index core

Optical bandgap covering a well are supported at frequencies
defined wavelength region within the bandgap

Key Attractions

e Ultralow nonlinearity
e Potential for ultralow loss
e Minimum latency



Some of the Challenges...

Extreme aspect ratios Ultra-smooth surfaces Modal control

________________
_____________
...........
................

_________________________________
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SM control in large core PBGFs

Normalised transmission (dB/nm)

> 250 nm

19 cell core
Thin core surround
N~4.4 um
d/A~ 0.976

Core diameter: 26 um
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Single-mode operation

* The fibre can be made effectively single-mode through:
e Selective launch
« Spatial filtering at the output

PBGF, 260 m

Mode-lockd laser ‘ SME-28 C@ SMF-28 \ 10 Gh i
P z sampling
20 MHZ,1550 nm oscilloscope

10 ps pulses

Butt-coupled Butt-coupled

—  Central launch

e

N

T 30dB

=

Q o001t

= LP11 LP21 LPO2 LP13
§ 1E-3 N AvA A

1E4 M%MWMM

O 1 2 3 4 5 6 7 8 9
Time, ns




First DWDM Data Transmission

Transmission of 37 x 40 Gbit/s (1.45 Thit/s) OOK data through
260 m of wide bandwidth PBGF (single polarisation)

Lasers on 100 GHz grid Oddfeven channals
Laser 1 — decarrelation
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BER penalty (all channels):
« To Back-to-back: < 1dB.
« Among channels: <1.5 dB.

(First DWDM transmission in a PBGF)
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Slavik et al., ECOC 2012,Mo0.2.F.2. Received power, dBm




Low Latency transmission

E 260 m of Bandgap fibre
)

nature
: LETTERS
Phronics

CW laser Acousto-optics ﬁ’). . ]
1556 nm = modulator CITRTEE R L L L L L L LI L L EL L LT LY Detector
(Koheras) 35 MHz @
J - driven :)260 ; f standard NZ ISSF .
i m of standar -
35 MszoscnIator Real time
oscillosciope
100 kHz
Trigger in
Arbitrary
waveform 2%
generator Square pulses, 100 kHz rep. rate, duty cycle: 2%

light

1.54

in vacuum

us/km lower latency

(First Low Latency transmission in a PBGF) M A

Data transmission at 99.7% the speed of

1.46x faster propagation than in SMF

Promising for low-latency applications!!!

Towards high-capacity fibre-optic communications

at the speed of light in vacuum

F. Poletti*, N. V. Wheeler, M. N. Petrovich, N. Baddela, E. Numkam Fokoua, J. R. Hayes, D. R. Gray,
Z. Li, R. Slavik and D. J. Richardson
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MDM Transmission in a PBGF
TU/e o
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Tested the feasibility of large capacity transmission employing MDM:
« 96 WDM channels in extended C-band over LP,,, LP,,, and LP;,

 Modulated with 256Gb/s DP 16QAM
« Total data capacity of 57.6 Th/s (Gross rate 73.3 Th/s)

 Well below FEC-limit at 2.4x10-2
Jung et al., OFC 2013, PDP5A.3




Confirming Origin of Loss in PBGF
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Y Chen et al., Proc. OFC /INFOEC 2014, paper




The TDFA for Broadband Gain at 2um
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e 1560nm diode pumping
 More than 35dB small signal gain at the peak operating wavelength of 1900nm
 100mW saturated output power, >40% conversion efficiency
o <5dB external

o >300nm BW now demonstrated (1730nm-2050nm)
Z. Li et al. Optics Express 2013
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Amplified 2um transmission in a PBGF
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= Negligible penalty at BER 10-3, ~1dB at 10-°

= No BER floor observed

= Similar performances to earlier WDM experiment

= All components necessary for 2um transmission developed in MG

Petrovich et al., ECOC 2012, PDP Th3A.5



WDM Transmission at 2um ﬁ ,...,w,m.;
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Cladding pumped 3-Mode TDFA
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Fiber modes: vector and scalar CPPERNS
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Gen |: vortex fiber
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Data transmission experiment et
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How large/many |L|s can we create in fiber? PN
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SDM Progress to Date
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