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_ Abstract—A newly developed graded-index polymer optical MMA Concentration (wt. %)

fiber (GI-POF) with high-temperature and high-humidity stability

was proposed. As it was found that the high numerical aperture 100 80 60 40 20 0
and high glass transition temperature(T,) at the core center of 1.50

the GI-POF were key issues to achieve both high-temperature
and humidity stability, a partially fluorinated polymer material [
was adopted to obtain both characteristics in the GI-POF. The 1.48
newly developed GI-POF had low-loss (140 dB/km at 650-nm [
wavelength), high-bandwidth (higher than 1 GHz for 100 m

transmission), high-temperature and humidity stability at 70°C, -“;’ 1.46 [
80% relative humidity (R.H.) and low bending loss. f B !
Index Terms—Graded-index polymer optical fiber (GI-POF), %
high-temperature stability, glass transition temperature, numer- £144
ical aperture, partially fluorinated polymer. s
I. INTRODUCTION 142

HE development of personal computer and other I
audio-visual (AV) equipment technologies has increaset 4oL o o0 o0 00 0y oL .
the data volume to be handled. For instance, data for eve 0 20 40 60 80 100
several tens of minutes of motion pictures require severa 3FMA Concentration (wt%)
giga bits even if moving picture expert group Il (MPEG II)
compression teChr.]OIOgy is applied. To handle the Incr(.easl—eld. 1. Relation between the refractive index and the 3FMA concentration in
demand to transmit such large volumes of data, the maxmt*qg P(MMA-3FMA) copolymer.
data rate of the bus interface based on IEEE 1394 is cur-

rently upgraded to 400 Mb/s, and its port is installed in some
comguttg?s and AV equipment. Hower\)/er, the maximum lin oly(methyl methacrylate)(PMMA) was newly adopted as the

length of the IEEE 1394 bus is limited to less than 4.5 m ﬁadding material of the GI-POF instead of using PMMA. As a

metallic cable is used. On the other hand, graded-index ponrﬁ Z?géz Zg:cgﬁtg{;?gfmaesj‘gcgﬁtssgé%?:stiﬁd Z\éi?e\’;zzg
optical fiber (GI-POF) is one of the promising candidates fc} : pantw. ically :

high-speed data transmission medium not only in IEEE 1394
home networks, but also gigabit Ethernet-based local area
networks (LANSs) [1]. In order to utilize the GI-POF in suchA. Structure of GI-POF With High Temperature Stability
areas, much higher temperature stability and lower bending Ios% methyl methacrylate  (MMA)-2,2,2-trifluoroethy
become necessary [2]. We have aIrea_dy reported that [3] I‘rlﬂ((?:thacrylate (3FMA) copolymer was adopted in the cladding
types of dopant that are used for forming the refractive md@f the GI-POF. In order to design the GI-POF using this
distribution of the GI-POF strongly influence the temperaturg polymer cladding, the refractive index and thg of the

stability of the GI-POF. We have also reported an improveme polymer were experimentally investigated by preparing eight

in the temperature stability of the GI-POF by maintaining RMIMA-3EMA co ; ;
. o - polymers (P(MMA-3FMA)) having different
high glass transition temperatui#, ) of the core polymer [2], 3EMA content. Fig. 1 shows the experimentally measured

[3], which was enabled by designing an ideal dopa.nt mOIECUlraerfractive indices of these P(MMA-3FMA) copolymers. The
structure and by decreasing the dopant concentration. Howe Ehactive indices of the P3FMA and PMMA homopolymers
;he numenctzal afperctiure (NA)t OI. the fGtIr;POdF IS Itowe:jeqmbgre 1.418 and 1.492, respectively, and there is a linear relation
bec:je_asTg € Tee C?T‘CG” ration o 4 '?’h opfan » an t'u étween the refractive index and feed concentration. The refrac-
ending loss Increment Is a concern [4]. erelore, a partide index of the cladding can be widely varied by controlling
fluorinated polymer that has a lower refractive index thaﬁ‘ue feed concentration of the 3FMA to MMA monomers. Fig. 2
shows the relation between the feed ratio of 3FMA to MMA
Manuscript received January 31, 2002; revised May 13, 2002. and theT; of P(MMA-3FMA). Although it was preferable to
The authors are with the Faculty of Science and Technology, Keio Univ 'se the P3EMA homopolymer with low refractive index as the
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Corporation, ERATO, Kawasaki 212-0054, Japan. cladding material to obtain a sufficiently high NA GI-POF, the
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MMA concentration (wt. %) interfacial-gel polymerization is shown in Fig. 3. In this
process, a thin PMMA homopolymer layer is coated on the

120100 inner wall of the MMA-3FMA copolymer tube as shown in
; Fig. 3(b). After the polymerization of the PMMA homopolymer
1104 layer, the monomer/dopant mixture was injected into the tube,
followed by the polymerization of the core region. By forming
100 ! this PMMA homopolymer layer on the inner wall of the tube,
i the excess scattering is effectively eliminated. The GI-POF was
o obtained by the heat-drawing of the GI preform. Heat-drawing
o OF process of the P(MMA-3FMA)-clad GI-POF is almost the
= I same as that of the PMMA-clad GI-POF we have proposed [1].
80 [ The heat-drawing of the P(MMA-3FMA)-clad GI preform was
! carried out at 220-23C. The fiber diameter was controlled to
70 | : be 750um. In this fiber, core diameter becomes approximately
i J 1 500 pm.
600 20 40 60 80 100 C. Characterization of GI-POF

3FMA concentration (Wt%) In addition to the basic fiber characteristics such as refractive

index profile, bandwidth, and attenuation, thgof the polymer,
Fig. 2. Relation between the glass transition temperdffiy¢ and the 3FMA copolymer, and doped polymer was evaluated.
concentration in the P(MMA-3FMA) copolymer. The refractive index profile of the GI-POF was measured by
o ) the transverse interferometric technique [1], [2]. Although sev-
as shown in Fig. 2: thd, of the copolymer is lowered by eral measurement methods to measure the refractive index pro-
increasing the 3FMA feed ratio. In order to achieve a high@e were already proposed particularly for the silica based Gl
T, than 100C for the cladding of the GI-POF, we determinednyitimode fiber, it was verified that this interferometric method
the maximum 3FMA feed concentration to be 33wt.% fromysing an interference microscope is one of the best ways to mea-
Fig. 2. In this case, the refractive index of the copolymejyre the GI-POF with such a large core diametesQ pm).
is sufficiently low (1.46) to form a high numerical aperture The bandwidth of the P(MMA-3FMA)-clad GI-POF was
GI-POF. In this paper, P(MMA-3FMA) in which the feed ratiogyaluated by the time domain measurement method in which
of 3FMA was varied from 12.5 wt.% to 20 wt.%, was adopteghe pandwidth was estimated by measuring the output pulse
as a cladding of the GI-POF. The preparation method of thgyeform. As the light source, an InGaAsP laser diode at
P(MMA-3FMA)-clad GI-POF is briefly described. 655-nm wavelength was adopted. An input pulse generated by
) the pulse generator was inserted into the GI-POF, and the output
B. Preparation of MMA-3FMA Copolymer Tube pulse was measured by a sampling head (Hamamatsu O0S-01),
A Gl preform rod was prepared by the interfacial-gel polyand recorded and analyzed with a sampling oscilloscope.
merization technique which we have previously described [1], The attenuation measurement of the P(MMA-3FMA)-clad
[5]. For forming the core region of the GI-POF by the interfaGIl-POF was carried out by using the cut-back method. The mea-
cial-gel polymerization process, the mixture of monomer arslirement method of temperature stability in the attenuation was
aromatic dopant(such as benzyl benzoate and diphenyl sulfidigrified in [3] in detail. As the light source, a tungsten lump was
is injected into a polymer tube having 18-30 mm outer dianused and the optical output power change was measured through
eter, and the tube is heated from the surrounding to polymeribe aging with using the optical spectrum analyzer. The tempera-
the core region. During this process, the inner wall of the tulbere stability of the attenuation was investigated by continuously
is slightly dissolved and swollen by the monomer mixture, andeasuring the output power change from the GI-POF through
forms polymer-gel phase. This polymer-gel phase plays #me aging, where the connections between the light source and
important role in forming the concentration distribution of théhe fiber, and between the fiber and the detector were fixed.
dopant which is related to the refractive index distribution.  Since the output power from the GI-POF is very sensitive to the
Since the cladding material of the GI-POF proposed in tht®upling conditions between the light source and fiber and the
paper is composed of P(MMA-3FMA), an excess scatterirfiiper and detector, both coupling conditions were fixed through
loss is a concern after the core polymerization because of the aging. In this paper, the attenuation change at 650-nm wave-
poor miscibility between the cladding materials (copolymer déngth was focused.
MMA and 3FMA) and aromatic dopant. If the MMA-dopant The T, of the polymer, copolymer, and doped polymer was
mixture is directly injected into the copolymer tube andneasured with using differential scanning calorimetry (DSC,
polymerized (i.e., the same way as in the interfacial-gel polghimazu Co.) The heating rate of the DSC measurement was
merization technique) the aromatic dopant must diffuse into tB€°C/min. Since the dopant concentration was formed in the
copolymer gel phase. Because of the poor miscibility betwe&i-POF in the radial direction, th#, distribution exists in the
the aromatic compound and the MMA-3FMA copolymer, larg&1-POF. ThisT}, distribution was indirectly measured by mea-
heterogeneities are caused, which induces an excess scattesiming the relations between the dopant concentratior/gnd
loss. Thus, a low-loss GI-POF is no longer obtained. and the dopant concentration and the refractive index. From
Therefore, we modified the interfacial-gel polymerizatiothese two relations the refractive index &figl was obtained.
with several steps. The schematic representation of several-skajs process was described in detail in Ref. [3].
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Fig. 3. Schematic representation of the several-step interfacial-gel polymerization process to obtain the P(MMA-3FMA)-clad Gl polymer preform.

T — by adopting the MMA-3FMA copolymer as the cladding as
0.025 F P(MMA-3FMA)-clad GI POF ] shown in Fig. 4. In fact, an NA as high as 0.27 was realized
in the P(MMA-3FMA)-clad GI-POF with only 5 wt.% DPS
0.020 i doping. A greatly reduced dopant concentration allows the
E Optimam Index Profild, ] GI-POF to have the advantage of high-temperature stability.
0015 | (index exponent g=2.4) ] On the other hand, since the core region is prepared by
g ] two steps (MMA homopolymer layer and PMMA-dopant
?%, 0.010 layer), optimization of the index profile becomes more
=° important. Actually, the index profile at the boundary of
0.005 : the core and cladding tends to be steep in the case of the
P(MMA-3FMA)-clad GI-POF as shown in Fig. 4.
0F PMMAiA GI POE It was already shown that [6], [7] the optimum refractive
index profile for a GI-POF that exhibits the largest bandwidth
. o should be described by the well known power-law form shown

0 0.5 1 in Eq. (1).
Normalized Radius

r\913
n(r):nl[l—ZA(—)} 0<r<a
Fig. 4. Refractive index profile of the P(MMA-3FMA)-clad GI-POF a

compared with that of PMMA-clad GI-POF. Broken line shows the =n2 r=a 1)
ideal refractive index profile providing highest bandwidth for the o
P(MMA-3FMA)-clad GI-POF. wheren; andns are the refractive indices of the core center and

cladding, respectively; is the core radius, and is the relative
IIl. RESULTS AND DISCUSSION index difference defined as

2 2

A. Index Distribution A= _2n2 )

Fig. 4 shows an index distribution of the P(MMA- 2
3FMA)-clad GI-POF compared with that of the PMMA-cladThe parametey, called the index exponent, determines the
GI-POF. In the case of the PMMA-clad GI-POF, we alreadsefractive index profile. It was already found that the optimum
confirmed that the dopant concentration should be less thanifidex exponentg.,:) of the PMMA-DPS system GI-POF is
wt.% in order to achieve high temperature stability (hig). 2.5 [7]. However, the index profile of the P(MMA-3FMA)-clad
Consequently, the NA of the PMMA-clad GI-POF is also a&l-POF deviates from the ideal one that is shown by the broken
low as 0.2 even if the dopant has a much higher refractive indéxe in Fig. 4. Since the index profile of the GI-POF directly in-
than that(n, = 1.492) of PMMA such as diphenyl sulfide fluences the bandwidth of the GI-POF, reduction of bandwidth
(DPS)(ng = 1.633). In contrast, a GI-POF having a high NAis a greater concern with the P(MMA-3FMA)-clad GI-POF
can be prepared despite the same or lower dopant concentratiompared with the conventional PMMA-clad GI-POF, which
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Fig. 6. (a) Eye pattern measurement setup for the GI-POF link. (b) Measured
eye diagram after 100-m P(MMA-3FMA)-clad GI-POF.
500ps/div the refractive index profile is deviated from the optimum one.

Fid. 5. Experimental it of the bandwidth Cof th 100However, the bandwidth of the GI-POF shown in Fig. 5 is much

1g. o. Xperimental result o e banawi measurement O e .

P(MMA-3FMA)-clad GI-POF by the time domain measurement method at}gigher than the conventional Sl type POF. .

650-nm wavelength. Next, a 100-m P(MMA-3FMA)-clad GI-POF link was
constructed with a 650-nm laser diode and an Si-PIN PD, and

has an almost optimum index profile. Compared to the ide@500-Mb/s transmission was ca_rried out. Then the eye-pattern
index profile shown by the broken line, the measured ind& P(MMA-3FMA)-clad GI-POF link was measured. Since the
profile of the P(MMA-3FMA)-clad GI-POF has a steep indes@ctual waveform transmitted through the GI-POF is examined,
profile at the core and cladding boundary. This is because f#hé €ye-pattern measurement is suitable for troubleshooting
polymerization of the core region was divided into two stepgy Problems with the link performance. Fig. 6(a) shows
If MMA monomer diffuses into the P(MMA-3FMA) cladding, the schematic representation of eye measurement. The fiber
obtained polymer includes a heterogeneous structure to cali¥!t signal intensity was-1.91 dBm. Good eye opening was

an excess light scattering loss. Therefore, the gradual refracfRserved in Fig. 6(b) after the 100-m length 500-Mb/s data
index profile is not formed at the boundary of core (PMMAransmission.

homopolymer) and cladding (P(MMA-3FMA). Detailed inves- .
tigations of the bandwidth of the P(MMA-3FMA)-clad GI-POFC- Attenuation

are described in the following sections. Fig. 7 shows the attenuation spectrum of the P(3FMA-
_ MMA)-clad GI-POF. A low-loss (130-160 dB/km at 650-nm
B. Bandwidth wavelength) as a PMMA-clad GI-POF is realized.

One of the recent trends in digital home network is in the Fig. 8 shows the bending loss of the P(MMA-3FMA)-clad
high-speed data transmission based on the IEEE 1394b (5S40 OF compared with the conventional GI-POF. The bending
format using a large bandwidth GI-POF [8]. As a light source ¢SS was measured by perpendicularly bending the fiber, and all
such an optical home network, a laser diode and/or a resong@des of both fibers were uniformly launched for the bending
cavity light emitting diode [9] emitting at 650-nm wavelengtHoss measurement. Itis generally known that low bending loss is
are promising candidates. achieved by increasing the NA of the fiber. As shown in Fig. 8,

The result of the output pulse measurement from a 1001 bending loss of the P(MMA-3FMA)-clad GI-POF is im-
GI-POF is shown in Fig. 5 compared with the waveform of theroved in spite of the half or lower feed concentration of the
input pulse. Although a slight tail is observed in the output pulsopant, because the P(MMA-3FMA)-clad GI-POF used in the
particularly in the falling part (right edge), the3 dB bandwidth bending loss measurement has an NA (0.27) that is higher than
calculated by Fourier transform was as high as 1.5 GHz for 18t (0.21) of the PMMA-clad GI-POF in Fig. 8.

m, which ensures coverage of the required bit rate in the IEEE = o

1394 S400, S800, and gigabit Ethernet. The reason of the slifht High-Temperature Stability

output pulse broadening (tail and second peak) was analyzed he temperature stability both in the index profile and the at-
by measuring the differential mode delay and differential modenuation of the P(MMA-3FMA)-clad GI-POF was evaluated.
attenuation. For these analyses, the same method written in d@mperature stability in the index profile is shown in Fig. 9. It
previous paper [10] was adopted. As the result, it was fouiglnoteworthy that the refractive index profile originally formed
that the long tail and second peak of the output pulse shown(ghown by open circles) was maintained after 3500 h of aging
Fig. 5 was caused by the late arrival of the high order modeven at 88C shown by the solid line. In Fig. 9, tHE, distri-
Such a group delay in the high order mode is observed becabaéon in the core region is also plotted. In order to obtain this
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Fig. 7. Total attenuation spectrum of the P(MMA-3FMA)-clad GI-POF.

Fig. 9. Temperature stability of the refractive index profile of the
P(MMA-3FMA)-clad GI-POF compared with the glass transition temperature
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Fig. 8. Bending | f the P(IMMA-3EMA)-cl I-P ,Eig. 10. Attenuation increment of the P(MMA-3FMA)-clad GI-POF
ccl)gmp8ared SOHSAZQPQ:ASAEIZ?&TSSEF of the P( 3 )-clad G Oat 70°C, 80% R.H. compared to that of the PMMA-clad GI-PO#.

P(MMA-3FMA)-clad GI-POF (less than 10% DPS doped?); 12.5-% DPS

doped PMMA-clad GI-POm: 20-% DPS doped PMMA-clad GI-POF.
T, distribution, the relation between tfig and dopant concen-
tration, and the refractive index and dopant concentration wed®S-doped PMMA-clad GI-POF was aged at@080% R.H.,
measured in bulk polymer samples; subsequently, the relatiem abrupt attenuation increment was observed even after sev-
between the refractive index and tfig of the doped polymer eral hours of aging as shown by the squamesin Fig. 10. It
was obtained. From this relation and the refractive index profileas shown that this attenuation increment was caused by an ex-
experimentally measured, tl# distribution shown in Fig. 9 cess scattering loss that was induced by the aggregation of water
was calculated. The detailed process for obtainingthéistri- molecules absorbed in the core of the GI-POF [11]. Because the
bution was described in Ref. [3]. Thg at the core center is asDPS used as the dopant is more hydrophobic than the PMMA
high as 100C which is sufficiently higher than the aging tem-polymer matrix, as the dopant concentration is increased, the
perature (85C). It was possible to maintain a higfy at the core core region of the GI-POF becomes more hydrophobic. There-
center by decreasing the dopant concentration as we alre&ahe, the water absorption into the DPS doped PMMA is less
described in Ref. [3]. However, the numerical aperture of thkan that into the PMMA homopolymer. However, this small
GI-POF was lowered by decreasing the dopant feed concenttarount of water cannot be uniformly dispersed but is aggre-
tion, which induces the high bending loss. On the other hand, th&ted in the core region. Consequently, the 12.5-% DPS doped
P(MMA-3FMA)-clad GI-POF allows a low dopant concentraPMMA-clad GI-POF shows less attenuation increment than the
tion and a high numerical aperture. Consequently, high temp268-% DPS doped PMMA-clad GI-POF as shown by the open
ature stability and low bending loss are simultaneously achieveiccles(Q) in Fig. 10. Details of the high-temperature and high-
as shown in Figs. 9 and 7, respectively. humidity stability of the PMMA-clad GI-POF is described in

The result of the stability in the attenuation is shown in Fig. 1{d.1].

compared with the PMMA-clad GI-POF. The GI-POF was oven Furthermore, the stability at high temperature and high hu-
aged at 70C, 80% relative humidity (R.H.). When the 20-%midity of the P(MMA-3FMA)-clad GI-POF (shown by closed
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circles(e) in Fig. 10) is greatly improved compared with that [4]
of the PMMA-clad GI-POF. Fig. 10 shows that no attenuation
increment was observed during aging at€@B0% R.H. This 5
is because the dopant concentration could be decreased to less
than 10% while maintaining sufficiently high NA.

The temperature and humidity stability in bandwidth was also (6]
investigated by continuously measuring the output pulse broadr,
ening during aging. It was confirmed that high bandwidth as
1.5 GHz for 100 m was maintained even after 5000 hours agin
at 70C, 80% R.H. As it was reported by our previous paper
that [3] the thermal stability in the refractive index profile of the
PMMA based GI-POF was remarkably improved by decreasing(®]
the dopant concentration. In the case of P(MMA-3FMA)-clad
GI-POF, the dopant concentration can be much lower than thaig,
of PMMA-clad counterpart. Therefore, the thermal stability of
the refractive index profile is higher than that of the PMMA-clad
GI-POF. In addition to the thermal stability, the high humidity
stability of the refractive index profile was verified by mea-
suring the bandwidth stability at high temperature and humidity.

As described in the above sections, although the control
of the refractive index profile is difficult compared with
the PMMA-clad GI-POF, the P(MMA-3FMA)-clad GI-POF
can have sufficiently high bandwidth (the order of GHz fo
100 m) and low-attenuation comparable to the PMMA-cl
GI-POF and the conventional PMMA core step-index (SI) PC
commercially available. Furthermore, high-temperature al
high-humidity stability in both attenuation and bandwidth ca
be achieved by adopting the copolymer of MMA and 3FM
as the cladding material.

July 1995.
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compared with the PMMA-clad GI-POF ensuring the sa
or higher numerical aperture. Although the dopant conce
tration was decreased, the high NA was maintained becal
of the low refractive index of the P(MMA-3FMA) cladding.
Therefore, the P(MMA-3FMA)-clad GI-POF can solve bot
temperature stability and bending loss problems existing in t
PMMA-based GI-POF we already developed. We believe thac
the improved temperature stability of the GI-POF opens the
way for great improvements in the high-speed optical home
network. ;

Atsushi Kondo received the B.S. degree in applied

chemistry and the M.S. degree in material science
from Keio University, Japan, in 1998, and 2000, re-

spectively. He is currently working towards the Ph.D.

degree at Keio University.

Concurrently, he has been a researcher of Japan
Science and Technology Cooperation ERATO
“Koike Photonics Polymer Project.” His current
research interests are in the optical, temperature and
humidity of photonics polymer.

Yasuhiro Koike (M’02) was born in Nagano, Japan,
on April 7, 1954. He received the B.S., M.S., and
Ph.D. degrees in applied chemistry from Keio Uni-
versity, Japan, in 1977, 1979, and 1982, respectively.
He has been a Professor of Keio University
since 1997. He developed the high-bandwidth
graded-index polymer optical fiber. He has been
concurrently the Director of Japan Science and Tech-
nology Cooperation ERATO “KOIKE Photonics
Polymer Project” since 2000. From 1989 through
1990, he stayed as a Visiting Researcher at AT & T

REFERENCES

[1] T.Ishigure, E. Nihei, and Y. Koike, “Graded-index polymer optical fiber
for high speed data communicatiorAppl. Opt, vol. 33, no. 19, pp.
4261-4266, 1994. &

[2] T. Ishigure, M. Sato, E. Nihei, and Y. Koike, “Graded-index polyme
optical fiber with high thermal stability,Jpn. Appl. Phys.vol. 37, pp.
3986-3991, 1998. )

[3] M. Sato, T. Ishigure, and Y. Koike, “Thermally stable high-bandwidtHBell Laboratories
graded-index polymer optical fiberJ: Lightwave Technglvol. 18, pp. Dr. Koike received the International Engineering and Technology Award of
952-968, July 2000. the Society of Plastics Engineers in 1994, and Fujiwara Award in 2001.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


