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3 Gb/s 12 Gb/s > 100 Gb/s
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Y. Koike and A. Inoue, J. Lightw. Technol. 34, 1551 (2016).
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— i EHBEERITOEELT—TILHKROHLNTINS




8 K. 5 GFRfX~mIF7=

BRI TIXAF Y737 74 75— (Gl POF)

filbEp = ETE ~40Gbps
100
"
& -
(5/ / |Perﬂ
g
BIRESF N Ast R Hi§T35 % (100m) g AN
959k VA U
E \
?%é / PMMA \

1

500 700 900 1100 1300 1500
Wavelength (nm)

ZEMN REME HE/ (X










Plastic Optical Fiber (POF)
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1982 Proposal of Gl POF toward data transmission
Y. Koike, PhD Thesis from Keio University



High-Speed GI Plastic Optical Fiber
ESEGIETSAF VIR T 7413 —
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Duncan Moore# 2. KIF®RB%xLE




Main stream of Optical Fiber Development 1n 1980s

19804 1%
KI7AIN—WREIZEWVNTERTHO>I-EAA

How to make a transparent optical fiber

EOUBRGHT7AN—ZERTHICF?

¥

How to eliminate inpurities

IMET[SL TAFEDZ Y BR<A

. J

Is It true?

K [CFIHD TH B0



Proposal of GI POF from Keio University

EEXENBITESHME (GIR)
TSRFYIHITTFAN—FRE

Index profile should be formed in POF core
TIRFYIHITF7AIN—DHIC
BITED DT ZEDITESTIIE DALY

\ 4

4 . .. )
It 1s necessary to distribute dopants

into the polymer materials.

R EQRHIHFERI—RICHAELIVEHY |

Does It correspond to adding impurities?

TP Z7HFM ! ?




» In academia » In my laboratory

FENDER ERLTEA=ITNES -
“Although the 1dea 1s OK,....”  “The attenuation 1s always more
[7AT47FEBWNTNRES -] than 1000 dB/km”
MERELIR R AR EELVIZA
m The theory is far from reality 7E VG
REDHL EDZEER

\ 4

I had to stop the research on the POF.
TIRFIIRIT7AN—DOHREEZ—BIE

J

For eight years from 1982
1982 5 58 FFEfa]
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1982 Proposal of Gl POF toward data transmission
Y. Koike, PhD Thesis

1988 Gl plastic optical waveguide
Y. Koike et al., Appl. Opt. 27, 486



BITERSHRUT 7 RAF v I RERBDIRE

New interfacial-gel copolymerization technique for steric
GRIN polymer optical waveguides and lens arrays

0.02 0.02
c | L
<l /\
—_— 1 i .
- - 0

Fig.4. Index distribution of radial-GRIN Y-branching waveguide.

Y. Koike et al., Appl. Opt. 27, 486 (1988)



BITERSHRUT 7 RAF v I RERBDIRE

New interfacial-gel copolymerization technique for steric
GRIN polymer optical waveguides and lens arrays

{b) Rodial-GRIN Star Coupler

IRPUT

GI-Fiber

(c) Rodial-GRIN Multi-Coupler
Fig. 3. Steric radial-GRIN optical devices.
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Fig. 6. Index distribution of steric radial-GRIN 4-port branching
waveguide.

Y. Koike et al., Appl. Opt. 27, 486 (1988)



High-Speed GI Plastic Optical Fiber
ESEGIETSAF VIR T 7413 —




What is an intrinsic scattering loss

of an amorphous polymer?

|ERAR)T—OEERHELIELEE?

 Einstein’s fluctuation formula in 1910

74/“/:1.’5’4/0) EENERIEER (19104F)

el 2l

ARELBL o The icofror . T

V"% : The isotropic part of V_ scattering

N : The reflective index of the polymer
k : Boltzmann's constant, T : The absolute temperature
f : The isothermal compressibility

4y : The wavelength of light in vacuum



Scattering intensities of PMMA in 1990s

1990 FRRIZHTHAPMMADEELIB L {E

 Einstein’s fluctuation formula
FTAV 134 DS RIER

9.5 dB/km
* Experimental values of POF
XER(E
1000 dB/km

In 1990s, it was considered that
the Einstein’s theory couldn’t be applied to solid-state PMMAs.

Einstein D ¥BiH (L. 1990FE X (CH LTI
PMMARBFICERATZREWVWE—RICEZ b TUL:




Hypothetical origin of excess scattering loss

of polymers at that time

R — DB FE AL EL DR E DR ER

Stexeoregularity according to the
configugation of specific tacticitiee

* The effect 6§high molecularpaeight

« Low molecular mpuritieg”such as residual
monomer or additivee

 The formation g#Cross-links or bulky side
chains as th&€result of “gel effect” during
polymegiZation

 Interfial frozen strain



Excess Light-Scattering by Debye Theory in 1949
T\ DBFEISE i ELE R (19495F)

y(r)=exp(-r/a)

v(r) : Correlation Function

a : Correlation Length




"
Bell Laboratories in 1989
FERITCE KEN/LFEAT



"
RKEANIVIZRFT COR R ME




Proposal of Excess Light Scattering Model of Polymer

R 2—0BREELETILZIEE  Nov. 14, 1989




Reprinted from Macromolecules, 1992, 25.
Copyright © 1992 by the American Chemical Society and reprinted by permission of the copyright owner.

Origin of Excess Light Scattering in Poly(methyl methacrylate)
Glasses

Yaanhira Koike.*t Shira Matsuoka.! and Harvev E. Bair!



Correlation Length () (fHEEEEEE a)

Copolymer System Small-Dopant System
(1000 dB/km) (Iess than 10 dB/km)

a = a few hundreds (A) > a =several (A)

EOIR0R
S AANS, e N e

DR LA
X7 A0 N = T KON

:y‘ Q‘:}‘?" SR 14

”&




Development in the attenuation of POF

POFD B/ FALDESER

BEELRE
Gl POFD %

!




EBIRRPHRTIFIRAFYIRT 74 /3—DF

1982 Proposal of Gl POF toward data transmission
Y. Koike, PhD Thesis

1988 Gl plastic optical waveguide
Y. Koike et al., Appl. Opt. 27, 486
1991 Low-loss Gl POF by dopant system

Y. Koike, JP 3332922 USP 5,541,247 EP 0566744



Development of Low-Loss GI-POF

at Keio University from 1990

£ K GIEIPOFDIRE
m Dopant-type GI-POF YE53 F R MARGIE POF)

where the concentration of small dopants is gradually
changed to form the index profile.

JP 3332922
US 5541247
EPC 566744
KR 170358
US 5763514
US 5767200

The attenuation became

PMMA-Dopant system GI-POF.
£ K EIZRZN (100-110 dB/km)
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First Co-Extrusion

Tower

\ Hopper for Core and Clad

Polymer

Diffusion Zone

<@mmmm Control Panel



New development of GI POF
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Face to Face 31 =4—3 3>

Courtesy of Nikkei Inc.




Gl POFLERHTARAT LML BEKRKEEREEIAEA




S/ A XDEE

2-level modulation 4-level modulation
(conventional) (PAM-4)

ZEEEEFSEY PL— b ZAIEEICL X T,



S/ A XDEE

2-level modulation 4-level modulation

(fER) (PAM-4)

Noise

ZEEXIIEEyY PL—FZTABEICL X T,
= /4 X{BiEk
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Launching-dependence of BER (Vpp=0.1)

Significant improvement of fiber alignment tolerance
just by replacing with the low-noise Gl POF



The 28! International Conference on

Plastic Optical Fibers




The 28t International Conference on Plastic Optical Fibers

Nov. 20th-22nd 2019
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1982 Proposal of Gl POF toward data transmission
Y. Koike, PhD Thesis
1988 Gl plastic optical waveguide
Y. Koike et al., Appl. Opt. 27, 486
1991 Low-loss Gl POF by dopant system
Y. Koike, JP 3332922 USP 5,541,247 EP 0566744
2005 Co-extrusion process for mass production of Gl POF
Keio Univ. & AGC©O, NEDO project
2014 Ballpoint-pen interconnect for Gl POF
Keio Univ. & Mitsubishi Pencil©
2017 Proposal of low-noise Gl POF
Keio Univ., Nitto
2021 Proposal of Error-Free Gl POF
Press Release of Keio Univ.
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Y. Koike and K. Muramoto, "Error-free PAM-4 transmission by a high-speed plastic optical fiber without forward
error correction,” Optics Letters, Vol. 46, No. 15, 1st August 2021.
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T3 A=y T =2

\

https://www.gigalight.com/show-671.html

Reach Market
(max) Space

Server | TOR 10k — 100k Copper Extreme
. TOR LEAF 1k — 10k 20m Fiber (AOC) High LAN
LEAF SPINE 1k-10k 400 m SMF High
SPINE DCR 100 - 1000 1,000 m SMF Medium Campus
DCR Metro 100- 300 10-80 km SMF Low WAN
# Server-TOR links may be served by breakout cables Y. S. Son, ECOC 2018, Workshop WS01 “Optical fibres”. -

' Source:https://wwwdinuxacademy.ne.jp
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Back to the Fundamentals

T7I3 A RN KRICRAZED KRS

RUT—IEBEHRELTIA =R TICIEFRETHSE
BEREZZDNTUVELR, TS =1TEH/NBE, HRA
BETSAFIYIRITFAN—PBEHETAATLAIZRK
RENBTAHN=HORR)I—MRREL TE1=, 1900F K
AT F DEinstein®PDebye DI St ELE L 1 EWNVS KR EC
BEMMXIEFADINAT IV EGEST=. TULIRIL—%FL &K
ETNIETBIEFEE, T7UFAFAINXICRDZEDKY]
SEFEAT,




CHRBEHYDNESITTUVELT,



