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1. INTRODUCTION
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FMFs and MODE DIVISION MULTIPLEXING (MDM)
FMF in 1977-79* (2-LP-mode fibers for higher bandwidths, not for MDM)

MDM demonstration over MMF in 1982** (2 modes over 10m)

MIMO-MDM demonstrations over MMFs in the 2000s***

MDM transmissions over specifically-designed FMFs in 2011*

9 years of intensive research

New FMFs, components and subsystems

Impressive record transmissions (3 modes over 1000s of km, 6 modes
over 100s of km, 45 modes and 100s of Tbps over 10s of km)

Significant efforts to turn research demonstrations into
implementable solutions (10s and 100s of Gbps without MIMO, real-time
2x2 & 4x4 MIMOs and 6x6 MIMO [coupled-core fiber])

*J, Sakai and T. Kimura, Opt. Lett. 1, p.169 (1977 ); K. Kitayama et al., IEEE-JQE 15, p.6; L.G. Cohen et al., OFC, Thc2 (1979)
**S, Berdagué and P. Facq, Appl. Opt. 21, p.1950 (1982)
**%H,R, Stuart, OFC’00, ThV2; C.P. Tsekrekos et al., ECOC’05, We4.P.113; S. Schéllmann OFC’07, OTul2; B.C. Thomsen, OFC’10, OThM6;

B. Franz et al., ECOC’10, Tu.3.C.4
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FMFs

STANDARD FIBERS (+)

Standard manufacturing processes, standard 125 & 250um
dimensions (large scale production), low attenuations, easy splicing

NON-STANDARD FIBERS @ @ @

Mostly non-standard manufacturing processes and non-standard
dimensions (short lengths), relatively high attenuations (=0.25 or
=0.5dB/km)

OAM Fibers

RING Fibers

MULTI-ELEMENT Fibers

ELLIPTICAL-CORE Fibers

HOLLOW-CORE PHOTONIC-BANDGAP Fibers

dvances in FME Design and Manufacturing | SILLARD | OFC'20

FMFs

STANDARD FIBERS (+)

Standard manufacturing processes, standard 125 & 250um
dimensions (large scale production), low attenuations, easy splicing
Weak Coupling: Cross-Talk (XT) is minimized, so that each (group of)

mode(s) can be separately detected at reception
= No MIMO: Mode Group Division Multiplexing with Direct Detection
= 4 LP Mode Groups (>200Gbps, bidirectional, 20km)*
= 6 LP Mode Groups (60Gbps, 10km)**

= Simple 2 x2 and 4 x4 MIMOs with Coherent Detection
= 402.7 Tbps (6 LP modes [10 spatial modes], 48km )***
= Real-Time (1.05Tbps, 6 LP modes [10 spatial modes], 48km)****

Full MIMO: DMGD minimized so that all modes are simultaneously detected
at reception and that MIMO can compensate for XT
= 2N x2N MIMO (N spatial modes) with Coherent Detection
= 45 spatial modes (101Tbps, 26.5km, 90 x90 MIMO)*
= 266 Thps (90km, 12 x12 MIMO)**
= 6,300 km (1Tbps, 6 x6 MIMO)***; 3,060km (40.2Tbps, 6 X6 MIMO)****

*K. Benyahya et al., ECOC’18, TulG.5 *R. Ryf et al., ECOC’18, Th3B.1

**D. Ge et al., OFC’18, W4K.3 **Y. Wakayama et al., OFC’18, W4C.1

***D. Soma et al., ECOC’19, W.2.A.2 ***K. Shibahara et al., OFC’18, Th4C.6

d***Igaragshietal., ECOC'10, W.2.A.3 dok*xK, Shibahara et al., QFC’19, W3F.2 dvances in FMF Design and Manufacturing | SILLARD | OFC'20 8
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2. DESIGN
2.1. Basics

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 0

BASICS*

. 2n
Normalized frequency: V =—-a- n%, —n%  [a: Core radius, neo: Core index]
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Normalized Frequency, V Normalized Frequency, V
Step-index Profiles for which An.¢ is maximized Graded-index Profiles for which DMGDs is minimized
(>0.5x103) to limit XT, while maintaining Attenuation (<100s of ps/km) to limit MIMO complexity, while
<0.25dB/km and A >80um?2 maintaining Attenuation <0.25dB/km and A >80um?2

= Highest possible V, allowing for the 1t modes to propagate while cutting
off the undesired higher-order modes, in order to ensure the highest
possible B (low Bend Losses <10dB/turn at 10mm bend radius)

*P. Sillard et al., JLT 32, p.2824 (2014); OFC’16, ThiJ.1 Advances in FMF Design and Manufacturing | STLLARD | QFC'20 10
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2. DESIGN

2.2. Weakly-Coupled FMFs

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 171

WEAKLY-COUPLED FMFs: )ﬂ- [worst value between 2 LP modes]
15 -

-20 _\_

Experimental Values

0.9x10-3****
®

0.6x10-3***
L ]
i . 0.8x10-3**
30 )

XT (dB/km)

-35 -
MinjAn,gf=1.8x10["*
40 3

'45 T T T T T T T 1
2[3] 3/5] 4[6] 5[8] 6[10] 7[12] 8[14] 9[15] 10[17]

Number of LP Modes [Spatial Modes]
XT is high because modes spatially overlap
XT increases with the # of modes

XT >-35dB/km for Min|An 4| <1.0x103 and # of LP modes =4
= Only 10s of km w/o full MIMO. What can be done?

*R. Maruyama et al., JLT 35, p.650 (2017)
**[, Ma et al., ACP’16, AS4A.5

***D, Soma et al., ECOC’17, M.2.E.3
dX*xM. Bigotetal. APC'17, NeM3B.4 Advances in FMF Design and Manufacturing | STLLARD | QFC'20 12




WEAKLY-COUPLED FMFs: Step-index Profiles

Increase An to decrease XT: 4 LP Modes

20.0 -
Theoretical Profile
=
— 15.0
2
@
2
9 10.0
g LPg,
o
g 50 - LP11
2 LP21 } Min|An4|=0.8x103
LPy,
0.0 T T 1
0 25 5 7.5 10
Radius (um)

Step-index Profile
= Min|An | =0.8x10"3
= Attenuation (LP,,;) =0.22dB/km
= Min|Aq|(LP,,) =118:m?2

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 7

WEAKLY-COUPLED FMFs: Step-index Profiles

Increase An to decrease XT: 4 LP Modes

20.0 Theoretical Profile
& LP
215.0 B
X,
§ LPy,
g 10.0
£ P
a L 21} . _ -3
< el LPoy Min|An/=1.6x10
©
£
0.0 T ' ‘ )
0 25 5 75 10
Radius (um)

Step-index Profile: Decrease radius and increase index
= Min|An«|: increase from 0.8 to 1.6x10°
= Attenuation (LP,,): increase from ~0.22 to 0.25-0.30dB/km
= Min|A 4| (LP,;): decrease from 118 to <60pm?2

16/01/2020



WEAKLY-COUPLED FMFs: Step-index Profiles

Increase An to decrease XT: 4 LP Modes

20.0 -
Theoretical Profile
=
— 15.0
2
@
2
9 10.0
g LPg,
o
g 50 - LP11
2 LP21 } Min|An4|=0.8x103
LPy,
0.0 T T 1
0 25 5 7.5 10
Radius (um)

Step-index Profile
= Min|An | =0.8x10"3
= Attenuation (LP,;) ~0.22dB/km
= Min|Aq|(LP,,) =118:m?2

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 15

WEAKLY-COUPLED FMFs: New Index Profiles

Increase An to decrease XT: 4 LP Modes

20 Theoretical Profile

&
= 15.0
]
& 10.0 1 —
£ LPy,
% 5.0 LPs
B tzzl } MinjAn g |=1.1x10°

0.0 T T ]

0 25 5 7.5 10
Radius (um)

Step-index Profile: with Depressed-Inner Region*
= Min|An«|: increase from 0.8 to 1.1x10°
= Attenuation (LP,;) <0.22dB/km
= Min|Agy| >120pm?2

AR May & M.N., Zervas, ECOC’15, P1.131 Advances in EMFE Design and Manufacturing | STLIARD | OFC'20 16|
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WEAKLY-COUPLED FMFs: New Index Profiles

Increase An to decrease XT: 6 LP Modes

20.0 1 Theoretical Profile
515.0 1 Lo
: LP,,
b
o 10.0 LP
o 21 L Mi = 3
: 5 } Min|An,J=1.6x10
[a]
g 5.0 4 LP31
g LP,,

0.0 T T ! '

Radius (um)

Step-index Profile: with Depressed-Inner Region*
= Min|An«|: increase from 1.0 to 1.6x10°
= Attenuation (LP,;) <0.25dB/km
= Min|Agsl >80um?2

*M. Bigotetal. APC'17 NeM3B.4

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 7
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2. DESIGN

2.3. Low-DMGD FMFs




LOW-DMGD FMFs: Trench-Assisted Graded-index Profiles
30 -

7 Mode Groups (MGs) Theoretical Profiles
[28 spatial modes]

20 -

4 MGs
3 MGs

10 A

Index Difference (x103)

T T
2 Mode Groups (MGH{
[3 spatial mades]

———

T

0 5 10 15 20 25 30 35
Radius (um)

A
o

Graded-index Core to minimize DMGDs (as for MMFs)
Trench to reduce bending sensitivity*

= Higher Core indexes required to support more modes
= Small Core radii to contain Bend Losses and Leaky Modes

|*W.A, Reed et al.. ATRT TJ 65. p.105 (1987) dvances in FMF Design and Manufacturing | SILLARD | OFC'20 19

LOW-DMGD FMFs: DMGD
180

\_r 155ps/km

Theoretical Values

-

a

o
1

—_

N

o
1

Max|DMGD| (ps/km)
(o)) ©
o o

w
o
1

6]
0 4 Q T T T T 1
2/3]  3[6] 4r10] 5p15] 6[21] 7[28] 8[36]

Number of MGs [Spatial Modes]

DMGDs increase due to the higher Core indexes*: critical levels are reached

= What can be done?
= 50um MMF at 1550nm

1*D. Gloge and E.A.J. Marcatili. BSTJ 52 p.1563 (1973) Advances in EMF Design and Manufacturing | SILLARD | QFC'20 20
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LOW-DMGD FMFs: 50um MMF

30 1 Theoretical Profile
&
o
% 20 -
@ s _ .
g i :"MGZ]-aAneﬁ—1.4x1O 3
2 =
; 1 0 T 5
= 8
5 ~e
>< \ 50um MMF
m 0 T T T T 1
o
E 1

L
o
L

0 5 10 15 20 25 30 35
Radius (um)

Angs >1.4x10-3: weak coupling between last MG used and 1st MG not used

Up to 10 MGs [55 spatial modes] can selectively be used for MDM
[27" and being more bend sensitive, might not be suitable for MDM]

DMGDs minimized at 1550nm
= Alpha parameter of the Graded-index core precisely tuned
= Trench dimensions and position carefully adjusted

*P. Sillard et al., JLT 34, p. 1672 (2016) dvances in FMF Design and Manufacturing | SILLARD | OFC'20 27

LOW-DMGD FMFs: 50um MMF
30 -

7 MGs Theoretical Profiles

&
o
220
o
o
&
- 10 4
£
8 50um MMF*
x
w O T T T 1
i)
2 LT 1]

-10 -

0 5 10 15 20 25 30 35
Radius (um)

Core index of 50um MMF < Core index of FMFs with MGs >5
Core radius of 50um MMF > Core radius of FMFs

= Smaller DMGDs when the # of MGs used >5

| *P. Sillard et al., JLT 34, p.1672 (2016) Advances in EMF Design and Manufacturing | SILLARD | QFC'20 22
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Max|DMGD| (ps/km)
(o] «©
o o

w
o

m

LOW-DMGD FMFs: 50um MMF

ob—f=—7 T T

Theoretical Values

155ps/kmo

o 42ps/km, 50um MMF*

o

Ips/km, 50um MMF and
: ? DMGD Compensation*

a F=] =

203

*P. Sillard et al., JLT 34, p.1672 (2016)
*Mat and K. Nak
*P. Sillard et al., OFC'17, Tu2J.4

DMGDs increase due to the higher Core indexes: critical levels are reached

= What can be done?
= 50um MMF at 1550nm and DMGD Compensation*

wa, Appl. Opt. 18, p.1449 (1979); K. Morishita et al., IEEE Trans. on MTT 30, p.694 (1982)

376 4[I10] 5['15] 6}21] 728 8136
Number of MGs [Spatial Modes]

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 23

OUTLINE

3.1.

3. MANUFACTURING
State of the Art: Weakly-Coupled FMFs

Advances in EME Design and Manufacturing | SILLARD £C2024

16/01/2020
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WEAKLY-COUPLED FMFs

2-LP [3-Spatial[-Mode Fibers [Not Exhaustive List]
A. Li et al., OFC'11, PDPB8
A.A. Amin et al., Opt. Ex. 19, p.16672 (2011)
K. Jespersen et al., OFC'12, OTh3I.4
R. Maruyama et al., OFC'14, M3F.6; OFC’15, M2C.1
T. Mori et al., ECOC'14, Th.1.4.4
C.C. Castineiras Carrero et al., OFC’'16, W4F.5

4-LP [6-Spatial]-Mode Fibers
P. Sillard et al., ECOC'11, Tu.5.LeCervin.7

R. Maruyama et al., OFC'15, M2C.1 ')iti‘:”:'g:’i’;;; o;”;:sner - |
’ witn Depressea-inner
L. Ma et al., ACP’16, AS4A.5 .
Region

6-LP [10-Spatial]-Mode Fibers
M. Bigot et al., APC’'17, NeM3B.4
D. Soma et al., ECOC'17, M.2.E.3
L. Shen et al., OFC’18, Th2A.24
D. Ge et al., OFC’18, W4K.3

7-LP [12-Spatial]-Mode Fibers
M. Bigot et al., APC’17, NeM3B.4

dvances in EMF Design and Manufacturing | SILLARD | OFC'20 25

WEAKLY-COUPLED FMFs: New Index Profiles

Increase An to decrease XT: 6 LP Modes

200 Experimental Profile
£ 15.0 LPos
- LP,
=
@ 10.0 A LP
= 21 i ~ -3
g LPOZ}M|n|Aneﬂ| 1.6x10
(=]
% 5.0 1
3
£ LP,

0.0 T T T \

0 25 5 7.5 10
Radius (um)

Step-index Profile: with Depressed-Inner Region*
= Min|An ;| ~1.6x103
= Attenuation (LP,;) =0.25dB/km
= Min|Ag 4| =84pm?2

|*M. Bigot et al.. APC'17, NeM3B.4 Advances in FMF Design and Manufacturing | SILLARD | QFC'20 26 |

16/01/2020
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WEAKLY-COUPLED FMFs: New Index Profiles

Increase An to decrease XT:

ehaly Experimental Profile
< 15.0
< LP
S 01
o LP,,
100 -
g LP,, } Min|An |~
£ LP, eff
(=]
Py 5.0 1
° LP,,
= LP4,

0.0 T T T 1

0 25 5 75 10

Radius (um)

Step-index Profile: with Depressed-Inner Region
> Min|An | ~
= Attenuation (LP,;) =0.24dB/km
= Min|Agg| =99um?2

dvances in EMF Design and Manufacturing | SILLARD | QFC'20 2

WEAKLY-COUPLED FMFs: New Index Profiles

Increase An to decrease XT: 4 LP Modes

0.016 T T T T

Designed

-~ Measured

0.012

0.008

0.004

0.000

Refractive index difference

-0.004 L L L L L
-15 -10 -5 0 5 10 15
Expected fiber dimension (pm)
Step-index Profile: with Depressed-Inner Region (=Ring)*
= MinlAneffl N1-8X10_3
= Attenuation (LP,;) =0.22dB/km

= Min |Aeff| = 10°|Jm2

L. Maetal ACP'16 AS4A.5 Advancesin EME Design and Manufacturing | STLIARD | OFC20 28 |

16/01/2020
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WEAKLY-COUPLED FMFs: New Index Profiles

Increase An to decrease XT: 6 LP Modes

1457

e Measured

1.456 o Designed (a)
1.455 F

5 1454 [Poi

Y1453 |
L1452 LP:
Saas1p
1450
& 1449
c 1.448
1447 |
1446 |
1445 E P12
'l i L i L =
0.0 25 5.0 75 10.0
Radius(um)

T

1.49)(10"3

LP31

Step-index Profile: with Depressed-Inner Region (=Ring)*

= MinlAneffl N1-5X10_3
= Attenuation (LP,;) =0.23dB/km = What about XT?

= Min|Ags| =109um?2

*D. Geetal, OFC'18 W4K.3 Advances in FMF Design and Manufacturing | SILLARD | OFC'20 20

WEAKLY-COUPLED FMFs: )ﬂ- [worst value between 2 LP modes]
15 -

Experimental Values
-20 -
0;9x1g2r=re
£ -25 - ¢
g 0:6x10:3***
3 30 { /08103 .1.5 10:2
°
= o
> 1.8x102
-35 -
Min|An = 1.8 10"3* —
-40 - - I
-45

2(3] 3;’5] 4[[6] 5}3] 6,:10] 7:’12] 8:’14] 9}15}1'0[17]
Number of LP Modes [Spatial Modes]

= Moderate XT reduction ~2dB/km
= See 3.3. Perspectives and Challenges

*R. Maruyama et al., JLT 35, p.650 (2017)

*%[, Ma et al., ACP'16, AS4A.5 oL. Ma et al., ACP’16, AS4A.5
**£D, Soma et al., ECOC'17, M.2.E.3 eD. Ge et al., OFC’'18, W4K.3
***XM_Biqot et al., APC’17, NeM3B.4 Advances in EMF Design and Manufacturing | SILLARD | QFC'20 30

16/01/2020
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OUTLINE

3. MANUFACTURING
3.1. State of the Art: Low-DMGD FMFs

Advances in FMF Design and Manufacturing | SILLARD | OFC'20 31

LOW-DMGD FMFs

2-MG [3-Spatial-Mode] Fibers

R. Ryf et al., OFC'11, PDPB10

T. Sakamoto et al., OFC'12, OM2D.1

L. Griner-Nielsen et al., OFC'12, PDP5A.1; ECOC'14, P.1.15
M.-J. Li et al., OECC'12, 5C3-2

R. Maruyama et al., ECOC’12, Tu.l1l.F.2

3-MG [6-Spatial-Mode] Fibers
T. Mori et al., OFC'13, OTh3K.1
R. Ryf et al., OFC'13, PDPA.1

4-MG [10-Spatial-Mode] Fibers

P. Sillard et al., OFC’'14, M3F.2

T. Mori et al., OFC'14, M3F.3

P. Sillard et al., JLT 35, p.734 (2017)

5-MG [15-Spatial-Mode] Fibers
P. Sillard et al., OFC’15, M2C.2; ILT 34, p.425 (2016)
N.K. Fontaine et al., OFC’15, Th5C.1

50um Multi-[55-Spatial-]Mode Fiber
P. Sillard et al., JLT 34, p.1672 (2016); OFC’17, Tu21.4
P. Sillard et al., JLT 35, p.1444 (2017)

Advances in FMF Design and Manufacturing | STLIARD | OFC20 32|

16/01/2020
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LOW-DMGD FMFs: Theoretical Values
540 -

Theoretical Values

= 450 -

360

270 ~

180

L

155ps/km

Max|DMGD| (ps/km

©
o

O o 0 O o O 42ps/km, 50um MMF
0 4——-—9— —i .
2[3] 3[6] 4r10] 5[15] 6[21] T[28] 8[36]

Number of MGs [Spatial Modes]

Such low DMGDs cannot be reached given the sensitivity to profile
variations (that occur during the manufacturing)

dvances in EMFE Design and Manufacturing | SILLARD | OFC'20

LOW-DMGD FMFs: Values Representative of Manufacturing
540 -

Values representative
of actual manufacturing
= 450 -
E 410ps/km o
& 360 A
o
g 270 1 Experimental Values
(=]
® 180 A & m 160ps/km
. ]
= 90 | . e ; ______ . — a111ps/km, 50um MMF

2T g g @ $30ps/km, 50um MMF and
0 ﬁ — B . DMGD Compensation

2f3] Bfﬁj 4[Im] 5f15] 6}21] 71:28] 87367
Number of MGs [Spatial Modes]

DMGDs calculated from distributions of profiles with ¢ that match
process tolerances: representative of manufacturing

= Attenuation (LP,;) =0.218dB/km; Min|A_.4 =170um?2

= DMGD Compensation

|mP. Sillard et al., JLT 34, p.1672 (2016); OFC’17, Tu2J.4 Advances in FMF Design and Manufacturing | SILLARD | OFC'20 34

16/01/2020
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LOW-DMGD FMFs: Values Representative of Manufacturing

540 - .

Values representative
of actual manufacturing

= 450 -

£ M0psikm o

& 360 -

=}

(ED 270 A Experimental Values

a

g 180 - i m 160ps/km

= 90 . [ ; _____ ! a111ps/km, 50um MMF

b [ P SR g--------8-"

:::::::g-"i"’ E’ —§— 8§ <50ps/km, 50um MMF and
0 E ol . DMGD Compensation

21:3] 3[:6] 4['101 51:15] 6}21] 7[l28] 87367
Number of MGs [Spatial Modes]

DMGDs calculated from distributions of profiles with ¢ that match
process tolerances: representative of manufacturing

= What can further be done?
= Accurate MM processes for FM manufacturing?

|mP. Sillard et al., JLT 34, p.1672 (2016); OFC'17, Tu2J.4 Advances in FMF Design and Manufacturing | SILLARD | QFC'20 35

LOW-DMGD FMFs: MM Processes

OMBWMS fibers have Core radius of 25um and guide 10 MGs [55 spatial modes]

20 7 5.m6 FMF BI-OM4/-OM5
- [15 spatial modes] [55 spatial modes]
o
E] L NSt
o104 N2
c 3
< 4
()
£ - 5
n 0 T T T T 1
: |—|
Q
©
k=

-10 -

0 5 10 15 20 25 30 35
Radius (um)

OM4/0M5 preforms can be rescaled to reach Core radius of 14um on fiber to
guide 5 MGs, targeting a diameter that is 25/14=1.77 xlarger*

Alpha has also to be adjusted to minimize DMGDs at 1550nm

*P. Sillard et al., OFC’15, M2C.2

Advances in FMF Design and Manufacturing | SILLARD | OFC'20 30
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LOW-DMGD FMFs: MM Processes

OM4/0MS5 fibers have Core radius of 25um and guide 10 MGs [55 spatial modes]

20 1 FMF with Theoretical Profiles
= MM processes
o
x
o 10 -
7]
c
2
[
=
Q 0 T T i L} T 1
x |J |
T Ml
c 1
- 1

L
o
L

0 5 10 15 20 25 30 35
Radius (um)

OM4/0M5 preforms can be rescaled to reach Core radii from 11.25 to 20.5um
on fiber to guide 4 to 8 MGs [10 to 36 spatial modes]

Alphas have to be adjusted to minimize DMGDs at 1550nm

*P. Sillard et al., OFC’15, M2C.2

Advances in FMF Design and Manufacturing | SILLARD | QFC'20

LOW-DMGD FMFs: MM Processes

OM4/0MS5 fibers have Core radius of 25um and guide 10 MGs [55 spatial modes]

20 1 EmE with Experimental Profiles
= MM processes
o
x
o 10 - 3
Q
: < "
% 8 MGs*
D 0 T T T T 1
: U U U
o
o
=
-0

0 5 10 15 20 25 30 35
Radius (um)

OM4/0M5 preforms can be rescaled to reach Core radii from 11.25 to 20.5um
on fiber to guide 4 to 8 MGs [10 to 36 spatial modes]

Alphas have to be adjusted to minimize DMGDs at 1550nm

*p, Sillard et al., OFC’15, M2C.2
*P, Sillard et al., JLT 35, p.734 (2017)

*P. Sillard et al., JLT 35, p.1444 (2017) Advances in EMF Design and Manufacturing | SILLARD | OFC'20 38
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LOW-DMGD FMFs: MM Processes

540 - .

Values representative
of actual manufacturing

= 450 A

E 410ps/km o

& 360 A

g 270 | Experimental Values

= m 211ps/km (last MG bend sensitive)

% 180 - g8 MM processes

© s B

= 90 | &7 153ps/km

o 95ps/km
¢
0

2(3] 3[6] 4[10] 5[15] 6[21] T[28] 8[36]
Number of MGs [Spatial Modes]

DMGDs calculated from distributions of profiles with ¢ that match
process tolerances: representative of manufacturing

= What can further be done?
= Accurate MM processes for FM manufacturing when # of MGs =4
= Attenuation (LP,,) <0.22dB/km; Min|A.4 from 75 to 125um?2

= DMDG compensation can reduce these values by factors of 2 to 4

mP. Sillard et al., OFC’15, M2C.2
mP. Sillard et al., JLT 35, p.734 (2017)
mP. Sillard et al., JLT 35, p.1444 (2017) Advances in FMF Design and Manufacturing | SILLARD | OFC'20 30

OUTLINE

3. MANUFACTURING

3.2. Recent Advances: Weakly-Coupled FMFs
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16/01/2020

20



WEAKLY-COUPLED FMFs

2-LP [3-Spatial[-Mode Fibers [Not Exhaustive List]
A. Li et al., OFC'11, PDPB8
A.A. Amin et al., Opt. Ex. 19, p.16672 (2011)
K. Jespersen et al., OFC'12, OTh3I.4
R. Maruyama et al., OFC'14, M3F.6; OFC’15, M2C.1
T. Mori et al., ECOC'14, Th.1.4.4
C.C. Castineiras Carrero et al., OFC’'16, W4F.5

4-LP [6-Spatial]-Mode Fibers
P. Sillard et al., ECOC'11, Tu.5.LeCervin.7

R. Maruyama et al., OFC'15, M2C.1 ')iti‘:”:'g'edi’;;; o;”;:sner - |
, witn Depressea-inner
L. Ma et al., ACP'16, AS4A.5

Region

6-LP [10-Spatial]-Mode Fibers
M. Bigot et al., APC’17, NeM3B.4
D. Soma et al., ECOC'17, M.2.E.3
L. Shen et al., OFC’18, Th2A.24
D. Ge et al., OFC’'18, W4K.3
M. Bigot et al., OFC’19, M1E.3

7-LP [12-Spatial]-Mode Fibers
M. Bigot et al., APC’'17, NeM3B.4

dvances in FMF Design and Manufacturing | SILLARD | OFC'20 41

WEAKLY-COUPLED FMFs: Differential Mode Attenuation (DMA)

6-LP-Mode Fiber

20 Experimental Profile
& LP
T 15.0 S
e LP,,
2
@100 ¢ LP2, 7 i _ B
g LPoz} MinjAn, j~1.6x10
o
x 5.0
s 7
E LP,,
0.0 T T 1
0 4 8 12
Radius (um)

Step-index Profile with Depressed-Inner Region*

© Min|An ;| ~1.6x103
= Attenuation (LP,,) =0.25dB/km BUT DMA =0.11dB/km

= Min|Agy| 284pm?2

*M. Bigot et al., APC'17, NeM3B.4 Advances in FMF Design and Manufacturing | STLLARD | QFC'20 42
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WEAKLY-COUPLED FMFs: DMA

Main contributors

= Rayleigh Scattering (RS)
= Scattering from microscopic inhomogeneities
= Decreases with order of the mode because of smaller confinement in Cord

= Decreases with Core-Cladding index difference: An_,
_I_I_ >

[excess or anomalous] ( )

= Local scattering points at core-cladding interface

= Increases with order of the mode because of higher amplitude at Core-
Cladding interface

= Decreases with index gradient, i.e. when (R>-R,)/An_, increases

| ane,

dvances in EME Design and Manufacturing | SILLARD | OFC'20 4.

WEAKLY-COUPLED FMFs: DMA

6-LP-Mode Fibers with Depressed-Inner Region*

0.15 Theoretical Values

Experimental Values

o
-
N

) 0.11dB/km: Step-index shape

Q
o
©

DMA (dB/km)
©
o
(o]

0.03 ° 0.02dB/km: Trapezoid-index shape
DMA
0.00 \

0.0 0.1 0.2 0.3 0.4 0.5
(Ry"R; /AN, (10m)

RS: Slightly increases because of higher An_,,. required to maintain high An_g

. Steeply decreases because of smaller index gradient

= DMA: Minimized <0.01dB/km at (Ry-R;)/An e ~0.2%X1073um

Advances in FMF Design and Manufacturing | SILLARD | OFC'20 44

*M. Bigot et al., OFC'19, M1E.3
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WEAKLY-COUPLED FMFs: DMA

6-LP-Mode Fibers with Depressed-Inner Region

20.0 -

Experimental Profile
& LP
< 15.0 ol
= LP,,
g
@ 100 LP2 | i B
g LPoz} Min|An,J~1.6x10
(=]
x 5.0
3
£ LP,,
0.0 T T 1
0 4 8 12
Radius (pm)

Step-index shape*
= Min|An | ~1.6x10-3
= Attenuation (LP,;) =0.25dB/km and DMA =0.11dB/km
= Min|Agsy| 284pm?2

*M. Bigot et al., APC'17, NeM3B.4 Advances in EME Design and Manufacturing | SILLARD | QFC'20 45

WEAKLY-COUPLED FMFs: DMA

6-LP-Mode Fibers with Depressed-Inner Region

20.0

Experimental Profile
2 15.0 [\
= LPy,
Q
LP
g 10.0 i
()
£ \'{5102} MinjAn,gj~1.6x10
x 5.0 -
]
£ \|-P1z
0.0 T T 1
0 4 8 12
Radius (um)

Trapezoid-index shape*
= Min|An ;| ~1.6x1073
= Attenuation (LP,,) =0.24dB/km and DMA <0.02dB/km
= Min|A.y 2100pm?2

| *M. Bigot et al., OFC'19, M1E.3 Advances i EME Desion and Manufacturing | SILARD | OFC'20 46 |
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OUTLINE

3. MANUFACTURING

3.2. Recent Advances: Low-DMGD FMFs

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 4

LOW-DMGD FMFs

2-MG [3-Spatial-Mode] Fibers

R. Ryf et al., OFC'11, PDPB10

T. Sakamoto et al., OFC'12, OM2D.1

L. Griner-Nielsen et al., OFC'12, PDP5A.1; ECOC'14, P.1.15
M.-J. Li et al., OECC'12, 5C3-2

R. Maruyama et al., ECOC’12, Tu.l1l.F.2

3-MG [6-Spatial-Mode] Fibers
T. Mori et al., OFC'13, OTh3K.1
R. Ryf et al., OFC'13, PDPA.1

4-MG [10-Spatial-Mode] Fibers

P. Sillard et al., OFC’'14, M3F.2

T. Mori et al., OFC'14, M3F.3

P. Sillard et al., JLT 35, p.734 (2017)

5-MG [15-Spatial-Mode] Fibers

P. Sillard et al., OFC’15, M2C.2; ILT 34, p.425 (2016)
N.K. Fontaine et al., OFC’15, Th5C.1

D. Molin et al., OFC’18, W3C.1

50um Multi-[55-Spatial-]Mode Fiber
P. Sillard et al., JLT 34, p.1672 (2016); OFC’17, Tu2J.4; R. Ryf et al., ECOC’18, Th3B.1
P, Sillard et al., JLT 35, p.1444 (2017)

Advances in FMF Design and Manufacturing | STLIARD | OFC'20 48|
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LOW-DMGD FMFs: MM Processes

540 - .
Values representative
’é‘ 450 of actual manufacturing
= 410ps/km o
8 360 1
S 270
=
% 180 A & _____ g e -8 MM processes
s o
90 | B 153ps/km
.
¢
0 T T T T T 1
23] 3/6] 4[10] 5[15] 6[21] T[28] 8[36]
Number of MGs [Spatial Modes]
Experimental value of 153ps/km < for standard FMFs

= How to improve this result?

mP. Sillard et al., OFC’15, M2C.2

dvances in FMF Design and Manufacturing | SILLARD | OFC'20 49

LOW-DMGD FMFs: MM Processes with Improved Design

OM4/0M5 preforms rescaled to reach Core radius of 14um on fiber to guide
5 MGs, targeting a diameter that is 25/14=1.77 X larger

20 1 5-MG FMF Experimental Profile
[15 spatial Modes]

o

Index Difference (x103)

-10 -
0 5 10 15 20 25 30 35
Radius (um)

Trench-Core distance to be adjusted to further reduce DMGDs*

mP. Sillard et al., OFC’15, M2C.2
*P. Sillard et al., JLT 34, p.425 (2016)

Advances in FMFE Design and Manufacturing | SILLAR £C20 20
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LOW-DMGD FMFs: MM Processes

540 - .
Values representative
of actual manufacturing
= 450 A
E 410ps/km o
8 360 1
S 270
=
% 180 A &*— _______ -8 MM processes
Z 5 B7""153ps/km
o B 78ps/km
0 [ 75ps/km*

2(3] 3[6] 4[10] 5[15] 6[21] T[28] 8[36]
Number of MGs [Spatial Modes]

Experimental value of 78ps/km ~calculated value of 75ps/km*

= Lowest DMGD reported for a 15-Spatial-Mode Fiber

wp. Sillard et al., OFC’15, M2C.2
*P. Sillard et al., JLT 34, p.425 (2016)
[mD. Molinetal.. OFC'18 W3C.1

dvances in EMFE Design and Manufacturing | SILLARD | OFC'20 57

LOW-DMGD FMFs: 50um MMF and DMGD Compensation

540 -

Values representative
of actual manufacturing

= 450 A

= 410ps/km o

& 360

@ 270 1

=

2 180 - ,

g Experimental Values

90 - 0
R o g <50ps/km, 50um MMF and
o =" : : . ~ DMGD Compensation
2[31  3r6]  4[10p 5151 6[21] T[28] 8[36]
Number of MGs [Spatial Modes]
8 MGs considered: and being more bend sensitive,

might not be suitable for MDM

|mP, Sillard et al., OFC’17, Tu2J.4 Advances in FMF Design and Manufacturing | SILLARD | OFC'20 52
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LOW-DMGD FMFs: 50um MMF and DMGD Compensation

Experimental Profile

20 -

Y —— 15t MG

z AS

81 e

c N6

o N7

[ N8

£ NI

(] 0 N

x

]

©

E U

-10 -

0 5 10 15 20 25 30 35

Radius (um)

Not 8 but 9 MGs [45 spatial modes] transmitted over 26.5km
(101Tbps, 202bps/Hz, 90 x 90 MIMO)*

= What about the DMGD of the 9th MG?

*R. Ryfetal., ECOC’18 Th3B.1

esign and Manufacturing | SILILARD | OFC'20 5,

LOW-DMGD FMFs: 50um MMF and DMGD Compensation

25 7
i s = b
g 20 1 4 S/ SN, W O SO S
3—/ Q"MG%J -
.‘:é 15 S U\ O, SRIPRI R
Wl WO I\ O 4 WO W GO N
‘% 81 MG N NS +
= 104 A N A
<
(2] —
g 5 s alt B
CHCE PSR Eenra Tty vy | COR
0 : . \ —
0 0.3 06 09 1.2 1.5

Time (ns) over 1.2km

N N ——
e :
T I i W, S U N
M\J\A""\w—-
I NEAS ]
jMUW S
AN L
=
0 03 06 09 12 15

Time (ns) over 4.4km

8th MG almost perfectly compensated: 5ps/km ~30/=-730+700]ps/5.6km

esign and Manufacturing | STLLARD | OFC'20 54
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LOW-DMGD FMFs: 50um MMF and DMGD Compensation

25 e e
) SENS N— — - S S, Ny
107 MG, Je— -0.90nsH +0.85ns————> 107 MG
= 20 - b A S
g_ wowal m T eme T
= (SO VU, WY NP B N N Pt
S 15 S, U NN ORI N I R NP N I N
T -
2 oo AN k| + T
- 10 A M jM -
o _,_._M__J"J\\..J
(n \memn e
i —F =
—F ==
0 -

03 06 09 12 15
Time (ns) over 4.4km

0 03 06 09 12 15
Time (ns) over 1.2km

o

8th MG almost perfectly compensated: 5ps/km ~30/=-730+700]ps/5.6km
9th MG almost perfectly compensated: 9ps/km ~30/=-900+850]ps/5.6km

= DMGDs come from the lower-order MGs not perfectly
compensated because of process variability

dvancesin EME Design and Manufacturing | STLLARD | OFC'20 55

LOW-DMGD FMFs: 50um MMF and DMGD Compensation

<]0.26ns

Py
]
LN
,/\../
-
A

0 02 04 06 08 10
Time (ns) over 5.6km

8th MG almost perfectly compensated: 5ps/km ~30/=-730+700]ps/5.6km
9th MG almost perfectly compensated: 9ps/km ~30/=-900+850]ps/5.6km

= DMGD ~260/5.6 <50ps/km (1t 9 MGSs)
= 10s of km of links with DMGDs <50ps/km (1t 9 MGSs)

Advances in EME Design and Manufacturing | SILLARD | OFC'20 56
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OUTLINE

3. MANUFACTURING

3.3. Perspectives and Challenges: Weakly-Coupled FMFs

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 5

WEAKLY-COUPLED FMFs: )ﬂ- [worst value between 2 LP modes]
15 -

-20 _|_

Experimental Values

0;9< 1 O3
]

0;6x103***
0.8« 10%** .1.5 10:2
[ d

XT (dB/km)

®,.8.102
-35 =

Min|An = 1.8 10"3*
40

-

'45 T T T T T T T 1
2131 3r57 4re; 581 6r10] 7r12] 81141 911571 1017)

Number of LP Modes [Spatial Modes]

= Min|An_g|: increase from 0.6-0.9 to 1.5-1.8x103
= Moderate XT reduction ~2dB/km
= Why?

*R. Maruyama et al., JLT 35, p.650 (2017)
**[, Ma et al., ACP’16, AS4A.5 oL. Ma et al., ACP’16, AS4A.5
**%D, Soma et al., ECOC’17, M.2.E.3 oD. Ge et al., OFC’18, W4K.3

[ **M. Bigot et al., APC'17, NeM3B.4 Advances in FMF Design and Manufacturing | SILLARD | QFC'20 58|
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WEAKLY-COUPLED FMFs: XT

2 LP modes: Min|An g|=|Nggo1-Mcr 111
= Min|4n_g|: increase from 1.0 to 1.8x10°
= Mode overlapping <45%
= XT reduction ~10 to 20dB/km*

4,5, 6,

= Mode overlapping <35%
= XT reduction ~2dB/km

= | Megr11-Nefr 21| ~3x1073
= Mode overlapping >75%

= |

|*R. Maruvama et al. JLT 35, p. 650 (2017)

XT depends not only on 4n_; but also on Mode Overlapping

LP modes: Min|An ¢|=|Pgs21-Perr 02|

-nef512|N2.3X10'3 gu,s

= Mode overlapping >60%

0 © 9 12
Radius (4m)

Radius. () 10

o 3 9 12

[
Radius (um)

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 59

OUTLINE

3. MANUFACTURING

3.3. Perspectives and Challenges: Low-DMGD FMFs

Advances in EME Design and Manufacturing | SILLARD £C20 60
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LOW-DMGD FMFs: Cablability

- S Experimental Values
:‘-EE — o — e — @ 4-MG [10-Spatial-Mode] Fiber
% 2.25 - Standard processes
Y
"]
o
= 1.50 -
o
c
Q
e
g 0.75 1 S-SMF
= =& —— — :'S-MG [15-Spatial-Mode] Fiber
= MM processes
0.00 4-MG [10-Spatial-Mode] Fiber

T T =T 1

1530 1540 1550 1560 1570 MM processes
Wavelength (nm)

Increasing effective index difference between guided modes and
radiation/leaky modes reduces micro-bending sensitivity*

= Micro-bend losses equivalent to or lower than those of S-SMFs

= Allows for practical deployments in telecom networks (small added losses
when fibers are put in cables and submitted to harsh environments)

®P. Sillard et al., OFC’14, M3F.2

*R. Olshansky, Appl. Opt. 14, p.935 (1975)

wmP. Sillard et al., JLT 35, p.734 (2017)

mP. Sillard et al., OFC’15, M2C.2; D. Molin et al., OFC’18, W3C.1

dvances in FMF Design and Manufacturing | SIARD | OFC'20 61|

LOW-DMGD FMFs: Cablability and Field Trial

- 00 4 Experimental Values

£

2

m i

) 2.25

0

]

o

- 1.50 -

©

c

[

@

o 0.75 1 S-SMF

9 ——a——8—&—— & G [15-Spatial-Mode] Fiber

= MM processes
0.00

1530 1540 1550 1560 1570
Wavelength (nm)

= 20km duct cable (2 loose tubes with 4 x15-Spatial-Mode Fiber)
to be deployed in L’Aquila, Italy

= Part of fiber-optic infrastructure around the city center of
L’Aquila, within Qy INCIPICT*

= Living lab, a test-bed available to international research community

wP. Sillard et al., OFC'15, M2C.2; D. Molin et al., OFC’18, W3C.1
| *C. Antonelli et al., 2018 IEEE 5GWEF, p.410-415 (2018) Advances in EMF Design and Manufacturing | SILLARD | QFC'20 62
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LOW-DMGD FMFs: Cablability and Field Trial
Y)inctpicT

SMF ~50,000km

15-Spatial-Mode Fiber

i ~160km Prysmian
: : : Group

Multi-Core Fibers ~100km
4-Coupled-Core Fiber
4-/8-Uncoupled-Core Fiber

SUMITOMO
=, - ELECTRIC

Advances in FMF Design and Manufacturing | SILLARD | OFC'20 62}

LOW-DMGD FMFs: Mode Coupling

Weak: Group Delay scales linearly with distance

Strong: Group Delay scales with the square-root of distance*
50um MMF
(45 spatial modes)
100 Weak MG Coupling and

Compensation <50ns
after 1,000km

Strong Coupling <5ns
after 1,000km

—_
o

Group Delay (ns)

0.01 1 Ll LB LR R | ¥ LI LR R | ¥ LU LR |
1 10 100 1000
Distance (km)

| *S.D. Personick, BSTJ 50, p.843 (1971) Advances in EMF Desion and Manufacturing | SILLARD | QFC'20 64
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LOW-DMGD FMFs: Mode Coupling

Modes in MGs are Strongly Coupled*

209 Experimental Profile
a
= 1t MG }Aneff=1.4x10'3: Weak Coupling
& 3 3
3" G
g \‘ﬁ\m MG: LPg,LPy,, L Ps, ‘r An=0.02: Strong Coupling
il 7
[ ¢
b= N9
Q o . . ; —
: L
[
©
=
-10 -

0 5 10 15 20 25 30 35
Radius (um)

6t MG: LP,;+LP,+LP;, [6 spatial modes] 12 x 12 MIMO**

= Short impulse response after 90km
= Performance degraded due to MG coupling (XT)

*P. Sillard, OFC’16, Th1J.1
**S. Wittek et al., SUM’18, MF2.3 dvances in FMF Design and Manufacturing | SILLARD | OFC'20 65

LOW-DMGD FMFs: Mode Coupling

Decrease An_; and maintain high An g micro

= Profile design is challenging
2> What else?

Modes will ultimately Couple after 100s/1000s of km

Square-root behavior observed on a 1045km transmission
over a DMGD-compensated link with 2 MGs*

1
(a) |
08¢} |
1t MG: LP Y
01 30.6 |
2nd MG: LP, o
Eﬂ.d r
0.2}

6 4 -2 0 2 4 6
time (ns)

*G. Rademacher et al., OFC’18, Th4C.4 Advances in EME Design and Manufacturing | STLLARD | QFC'20 66
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OUTLINE

4. CONCLUSION

Advances in FMF Design and Manufacturing | SILLARD | QFC'20 6

MDM and FMFs: Impressive Progress

Mode Division Multiplexing

= S. Berdagué and P. Facq, Appl. Opt. (1982): 2 spatial modes over 10m

> A. Liatal.; M. Salsi et al.; R. Ryf et al. OFC (2011): 2 and 3 spatial modes over 10s of km
= K. Shibahara et al., OFC (2018): 3 spatial modes over 6,300km
= R. Ryfetal., ECOC (2018): 45 spatial modes over 26.5km

Few-Mode Fibers

= J. Sakai and T. Kimura, Opt. Lett. (1977): 3 spatial modes with DMGD <100ps/km

> A. Liatal.; M. Salsi et al.; R. Ryf et al. OFC (2011): 2- & 4-(LP)MG and 3-spatial-mode fibers
= M. Bigot et al., NETWORKS (2017): 7-(LP)MG Fiber with XT <-24dB/km
= D. Molin et al., OFC (2018): 15-spatial-mode fiber with DMGD <80ps/km

DMGD Compensation

= K. Morishita et al., IEEE Trans. on MTT (1982): “splicing the fibers with the opposite
departures from the optimum index profile reduces the pulsewidth”

= T. Sakamoto et al., OFC (2012): 3-spatial-mode link with DMGD <5ps/km
= P. Sillard et al., OFC (2017): 36-/45-spatial-mode link with DMGD <50ps/km

Strong Coupling
= S.D. Personick, BSTJ] (1971): “pulse spreading would grow as the square root of the length”
= G. Rademacher et al., OFC (2018): square-root behavior after 100s of km over
3-spatial-mode DMGD-compensated links

= K. Shibahara et al., OFC (2019): square-root behavior after 1,000s of km using cyclic
mode permutation over 3-spatial-mode non-DMGD-compensated links

Advances in FMF Design and Manufacturing | STLIARD | OFC'20 68|
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MDM and FMFs: Prospects

WEAK COUPLING
= =10-(LP)MG [>=17-Spatial-Mode] Fibers with XT <-35dB/km
= Short-Reach Transmissions (~100s km)

= MGDM over 100s of km with Direct Detection (no MIMO)
= Real-Time Transmissions with Coherent Detection (2x2 and 4x4 MIMOs)

MIMO
= >100-Spatial-Mode Fibers
= FMFs with strong mode coupling

= Long-Haul Transmissions (~1000s km)
= Square-root behavior with 10s of spatial modes over 1000s of km
= Real-Time Transmissions with Coherent Detection (2Nx2N MIMO)

Thank you
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