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Optimum Index Profile of the Perfluorinated
Polymer-Based Gl Polymer Optical Fiber
and Its Dispersion Properties

Takaaki Ishigure, Yasuhiro Koike, and James W. Flemigmber, OSA

Abstract—The significant advantages in bandwidth and
low material dispersion of perfluorinated (PF) polymer-based
graded-index polymer optical fiber (GI POF) are theoretically
and experimentally reported for the first time. It is confirmed that
the low attenuation and low material dispersion of the PF polymer
enables 1 Gb/s km and 10 Gb/s km transmission at 0.8am and
1.3-um wavelengths, respectively. The PF polymer-based GI POF
has very low material dispersion (0.0055 ns/nm km at 0.85 pm),
compared with those of the conventional PMMA-based POF and
of multimode silica fiber (0.0084 ns/nm- km at 0.85 zm). Since the
PF polymer-based Gl POF has low attenuation from the visible to
near infrared region, not only the 0.654m wavelength which is
in the low attenuation window of the PMMA-based Gl POF, but
other wavelengths such as 0.8pm or 1.3-tm etc. can be adopted
for the transmission wavelength. It is clarified in this paper that
the wavelength dependence of the optimum index profile shape
of the PF polymer-based Gl POF is very small, compared to
the optimum index profile shape of the silica-based multimode
fiber. As a result, the PF polymer-based GI POF has greater
tolerance in index profile variation for higher speed transmission
than multimode silica fiber. The impulse response function of
the PF polymer-based Gl POF was accurately analyzed from
the measured refractive index profile using a Wentzel, Kramers,
Brillouin (WKB) numerical computation method. By considering
all dispersion factors involving the profile dispersion, predicted
bandwidth characteristic of the PF polymer-based Gl POF agreed
well with that experimentally measured.

Index Terms—Graded-index polymer optical fiber (GI POF),
material dispersion, perfluorinated polymer, profile dispersion.

I. INTRODUCTION

G

and 62.5:m, relaxes the tolerance required for connection com-
pared to the single mode fiber that has typical core diameter of
only 5 to 10:m. However, even in the multimode silica fiber,
accurate alignment using a ferrule in the connector is still re-
quired.

We have proposed a large-core, high-bandwidth, and low-loss
graded index polymer optical fiber (Gl POF) [1], [2]as an alter-
native to the silica multimode fiber. The large core (200-1000
1m) of the GI POF enables the use of inexpensive polymer con-
nectors without ferrules. These can be prepared by an injection
molding process, because a slight amount of displacement such
as +30um in the connection does not seriously influence the
coupling loss. Further, a core of 1@@n or more could virtually
eliminate the serious modal noise, which exists in the multimode
silica fibers [3].

Poly (methyl methacrylate) (PMMA) has been generally used
as the core material of commercially available step-index type
POF, and its attenuation limit is approximately 100 dB/km at
the visible region [4]. The high attenuation of POF compared to
silica-based fiber has limited the POF data link length, even if
the bandwidth characteristics are improved by GI POF.

The development of the perfluorinated (PF) amorphous
polymer-based Gl POF [5], [6] opened the way for an im-
provement in the high-speed POF network. Since intrinsic
absorption loss due to carbon-hydrogen stretching vibrations
that exist in PMMA-based POF is completely eliminated in the
PF polymer-based POF, the experimental total attenuation of
the PF polymer-based Gl POF decreases to 40 dB/km even in
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only the intrinsic absorption loss but also the material disper- 155 prer e

sion. Therefore, it is an important issue to investigate the mate- M)
rial dispersion of the PF polymer to design the high-speed PF 50 | ®) ]
polymer-based Gl POF link.

The material dispersion of the PF polymer-based GI POF was
evaluated by measuring the wavelength dependence of the re-

fractive index of a PF polymer bulk specimen. The material dis-
persion was estimated by (1) [8]
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light, d?n/d\? the second derivative of the refractive index with

- . Fig. 1. Wavelength dependence of the refractive indexes of PMMA, PF
respect to wavelength, adds the length of fiber. The refractive bolymer and silica. (A): 15 wt.% benzyl benzoate (BEN) added PMMA;

index data as a function of wavelength was fit to a three ter@): pmmaA homopolymer; (C): 13.5 mol% GeGdoped SiQ; (D): pure

Sellmeier equation to calculatn /d\? in (1). Si0,. (E): 5.5 wt.% PF dopant added PF polymer; (F: PF homopolymer.
Plots:_experimentally measured results. Solid line: approximated by Sellmeier
B. Dispersion Induced by the Refractive Index Profile equation.
In order to discuss the total dispersion of the GI POF, the 1.375 prr e
power-law form described by (2) approximated the refractive 1.370 ]
index profile of the GI POF 1365 E ]
o1 1/2 31360 F .
— — » = 4
n(r) =< ™ [1 2A (a) } 0<r<a (2) = 3ss b N ]
o r>a 2 ( ]
= 31350 f ]
wheren; andn. are the refractive indexes of the core center and Z1345F (B) 3
cladding respectively; is the core radius, and is the relative 1340 E ]
index difference defined by ]
1.335 F "
2 2
/rL — /rL 1330 1 1 1 1 1 1 1
A= 12712 2 3) 02 04 06 08 1.0 12 14 16 18
1

Wavelength(um)

The parametey called index exponent determines the refracting > Wavelenath deend  the refractive ind ¢ PF dopant added
. . . . . 1. 2. aveleng ependence o e retractive inaexes o opant aaae:

index prOf_'Ie' The index exponents (_)f various kinds Of_GI F_)OFI§F polymer and PF homopolymer. Solid line: approximated by Sellmeier

prepared in our laboratory were estimated by approximating thguation. (A) 5.5-wt.% PF dopant added PF polymer. (B) 2.5 wt.% PF dopant

measured index profile using a least-squares fit of (2). An aﬁidﬁddPF polymer. (C) ZthO”?ODO'YmeIT_- K meisudfed by minimum deviation

alytical solution of Maxwell's wave equation can be obtaing@thod: ¢. B measured by prism coupling method.

by means of Wentzel, Kramers, Brillouin (WKB) method. The o _
obtained analytical solution of the wave equation enables c3HIk Sample with high accuracy. Since only the polymer sample

culation of the impulse response function width. Details of {HeAvIng one polished face is required for the measurement, the
calculation method are described in [7] and [8]. Finally, the totRf€Paration process of the sample becomes simple. In order to
dispersion of the PF polymer-based Gl POF was estimated gyaluate the degree of measurement error, the refractive index

the first time, by considering the material dispersion and the df& the PF polymer was also measured by the autocollimation
persion induced by the refractive index profile. method [8]-[10]. For this autocollimation method, the prism

like sample is required, which is similar to the minimum
deviation method. In this method, one face of the prism is given
a reflecting surface. The prism is systematically rotated but the
A. Material Dispersion angle of interest is that where the incident light is refracted, and
Experimental results of refractive index measurements of PAce again refracted along the same trajectory as the incident
homopolymer, the PF dopant added PF polymer and PMMeam. The results are indicated in Fig. 2. A good agreement
are shown in Fig. 1 compared with those of pure silica arig observed in the results measured by two different methods.
GeQ; doped silica reported in [8], in which the solid lines ard herefore, the prism coupling method, which is simpler, is
the approximated result from the fitted Sellmeier equationgdopted for the measurement of the refractive index in samples
The prism coupling by using METRICON prism couplingn this paper. The measured refractive index values were fitted
refractive index measurement system measured the refractv@ three terms Sellmeier equation of the form
index of the polymer. The apparatus of the refractive index 3 )
measurement utilizing the prism coupling method has a great n2_1= Ai @)
advantage that it is possible to measure the refractive index of = N 5

Ill. RESULTS AND DISCUSSION
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wheren is the refractive index of polymer sampld; is the 0.2 = ' ' M
oscillator strengthi; is the oscillator wavelength, andis the T 0 p (W (B) © 3
wavelength of light. The linear least squares fitting routine based =

on the Levenberg—Marquard method was used. The fitting rou- §'0'2 F b
tine requires that starting values be supplied for the parameter. 5_0.4 L ]
The starting values used in this investigation were those esti- E .

mated from pure silica. In the case of polymers in this paper, the g‘% y ]
Sellmeier model provides the best fit for data when two of the s-08F 3
oscillators are in the ultraviolet (UV) and one is in the infrared, g ]
which is the same as in silica. The mean residuallisc 10*. =R AN ) ]
The material dispersion of the PF polymer estimated by (1) is Ry - & NI

shown in Fig. 3 compared to those of PMMA and silica. The 04 06 08 10 12 14

material dispersion of the PF polymer is smaller than that of the Wavelength (un)

silica parupularly inthe visible to near mfrargd region. Since thﬁg. 3. Material dispersion of PMMA, PF polymer and silica. (A) PF
material dispersion decreases with increasing wavelength asxgopolymer. (B) 15 wt.% PF dopant added PF polymer. (C) pure.SiD):
dicated in Fig. 3, the operating wavelength of the POF netwotR-5 mol% Ge@-doped SiQ. (E): PMMA homopolymer.

could be in the near infrared region rather than in the visible re-

gion for high-speed data transmission. The Q.88wavelength \/ v T
A)

10000 g

T

has been selected for the conventional PMMA-based POF net-
work so far, because the low attenuation window is located at
0.65m.

Fig. 4 shows the experimental result of the attenuation
spectrum of the PF polymer-based Gl POF compared to that
of the PMMA-based Gl POF. In the PMMA-based GI POF,
the attenuation abruptly increases in longer wavelength than
0.7 pm, which is due to the intrinsic absorption loss of the
carbon-hydrogen stretching vibration. Such absorption peaks
are eliminated in the spectrum of PF polymer-based Gl POF.
The minimum attenuation of the PF polymer-based Gl POF
was 40 dB/km from 1.0 to 1.3m wavelength. Low attenuation
at near infrared region is advantageous even with the dispersion
!Imltathn because the mate“"?" dispersion decreases WEB 4. Total attenuation spectra of PMMA-based and PF polymer-based Gl
increasing wavelength, as mentioned above. The values of i (a) PMMA-based GI POF and (B) PF polymer-based GI POF.
material dispersions of PF polymer, dopant added PF polymer,

1000

Attenuation (dB/km)

100 £

IO 1 PN Sy
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Wavelength (pum)

pure silica, and Gefdoped silica at 0.65, 0.85, and 184
wavelengths are summarized in Table I. The material dispersion

TABLE |

MATERIAL DISPERSION OFPF ROLYMER

of PF polymer at 0.6%:m wavelength is 0.13 ns/nm km which AND SiLICA
is much lower than that (0.32 ns/nm km) of the PMMA at thi PF polymer Silica
same wavelength. Further, the material dispersions of the dopantadded | homopolymer | GeO; added pure 510,
polymer at 0.85 and 1.am wavelengths decrease to 0.054 an g 01294 NI 5593 03557
0.009 ns/nm km, reSp.eCt'V_ely' . o 0.85 um 0.0524 0.05476 0.1118 0.0838

Although the material d_|sperS|on_of s_lllca is almost zero ¢ S XTI 3900 ST T
1.3-um wavelength, the high material dispersion of the GeC —

ns/nm- km

doped silica from visible to near infrared region limits the
bandwidth of Ge@-SiO,-based fiber. On the other hand, it is

noteworthy that addition of dopant in the PF polymer caus&%) €nabled calculation of the root-mean-square (rms) veidth

little change in value of material dispersion. Since perfluorfh® impulse response of Gl POF as a function of index exponent
nated substance is used as the dopant, the material dispergig the WKB method [7], [8], [11]. Subsequently, the relation
of the dopant is low. Furthermore, the material dispersion of f¥etween the refractive index profile and the bandwidth of the
homopolymer is almost the same as that of dopant added GEPOF was obtained by using the simple relation between the
polymer in the wavelength range from 0.45 to 1.8, which width of impulse response and the bandwidth as shown in (5)

indicates that the higher bandwidth PF polymer-based Gl POF
is expected from the visible to the near infrared region.

B. Dispersion Induced by Refractive Index Profile

In21 0.188
frsap =4/ 5 ==
2r% o o

whereo is the root mean square width of the impulse response

()

Total dispersion is estimated by using WKB method, consiélinction calculated. Here; 3 dB bandwidth of the GI POF was
ering material, modal and profile dispersions, as described in dalculated by assuming that the output pulse waveform was ap-
tail in this section. Approximation of power-law index profile inproximated by Gaussian shape. For comparison, the calculated
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T T

data of PMMA-based Gl POF and GeSiO.-based multi- 100G | Stea BT polymer based |

mode glass fiber are also shown in Fig. 5 in which it is assumed p |3 um wavelengh 1.3-um wavelength

that the source spectral width is 3 nm. - " PF polymer based
The maximum bandwidth of the PMMA-based Gl POF at = 0.85 um wavelength

0.65+:m wavelength is limited to approximately 3 GHz for 100 % 10G F PF polymer based 3

m by the large material dispersion. It is noteworthy that in the 3 0 65 um wavelengy

case of silica-based multimode glass fiber, the maximum band- o

width (approximately 2 GHz for 100 m) at 0.65n wavelength § G

is almost the same as or lower than that of PMMA-based Gl '

POF, although the bandwidth more than 40 GHz can be achieved L PMMA based Silica

when the signal wavelength is 1,8n. On the other hand, the 0.65 pm wavelength  0.65 pm wavelength

small material dispersion of the PF polymer-based Gl POF per- ]00M1 s 2'0 — 2'5 Y

mits the maximum bandwidth higher than 5 GHz even at 0.65 ' Index Exponent g '

pm. Furthermore, when the signal wavelength is An3, the-
oretical maximum bandwidth achieves to 80 GHz for 100 nfjg. 5. Relation between the index expongrand the bandwidth of 100 m
which is even higher than that of silica-based multimode fib%ﬁl’;"’*'based' PF polymer-based GI POF's and G&I0,-based Gl glass
at the same wavelength. The difference of the maximum band-

width between the PF polymer-based Gl POF and the silica- i i . i
based multimode fiber is mainly caused by the difference be- 10G $10,-GeO, base e=1.78

tween the material dispersion of dopant-doped PF polymer and | s PF polymer base

GeO,-doped silica. E
It should be noted that the difference of the optimum index 3 g=2.05 =2.17
exponent value between 0.65 and Li&wavelengths is caused = oS
by the inherent polarization properties of material itself. The E G g=2.02
optimum index profile of the Gl fiber for maximum bandwidth K 3 E
is described by (6) when the index profile is approximated by 2
the power-law equation shown in (2) [11] a
2n 2n ~
4——1-P 3——1-P g=2.01
2n1 Nl Nl FT0 0 § . A T < T P R Ry
Jopt = 2= 1~ P-A i, (6) 04 06 08 10 12 14 16
90— Tl . Wavelength (nm)
Fig. 6. Wavelength dependence of the bandwidth of PF polymer—based Gl
dnq POF and Ge®-SiO,-based Gl multimode glass fiber.
Nl =Ny — )\— (7)
dA
whereg,,. signifies the optimum index exponent, afithat is of low material dispersion. On the other hand, in the case of the
called as profile dispersion is written as follows: Si0,-GeQ-based Gl multimode fiber, accurate index profile
\ dA control for specified wavelength of used laser is necessary

= =, (8) to achieve several hundreds MIim, since the wavelength

A dA dependence of the bandwidth is much stronger than that of the
Since the profile dispersio® is the function of the differ- PF polymer as shown in Fig. 6. It can be emphasized that the
entiation of the relative index differencA with respect to low material dispersion of PF polymer allows the tolerance in
wavelength), the optimum index profile depends on refractivéhe index profile of the PF polymer-based Gl POF even for
index of the core material, which means that index increment higher speed transmission than silica fiber.
the dopant material is a key issue. The wavelength dependencEor 1.3:m use, the optimum index exponept, is 2.23, by
of the bandwidth characteristics of PF polymer-based Gl P@¥ich approximately 10 GHzkm can be achieved, while the
is shown in Fig. 6, compared to that of the Ge8I0;-based same Gl POF having 2.23 of index exponent exhibits only 400
multimode glass fiber when the index profile is controlled tdHz - km when the wavelength of the light source is 0.68.
have the index exponents of 2.03, 2.075, and 2.23 in the RForder to further decrease the wavelength dependence of the
polymer-based Gl POF, and 2.01 and 1.78 in the silica-basgatimum index profile, a suitable dopant, which can decrease
multimode fiber. Selected index exponents of 2.03, 2.07 attie profile dispersion, i.e., the wavelength dependence of the
2.23 are the optimum index exponents of the PF polymer-bagethtive index difference [see (8)] should be selected. The shift
Gl POF when the source wavelengths are 0.65, 0.85 and df3he optimum index exponent of the PF polymer-based Gl POF
M, respectively, while 2.01 and 1.78 are optimum for 0.85 armttween 0.85:m and 1.3xm wavelengths is 0.16 (from 2.07 to
1.3-um wavelength, respectively, in the silica-based multimod223) which is smaller than that (0.23) of Ge€3i0,-based Gl
fiber. It is indicated in Fig. 6 that if the index exponeptis multimode glass fiber (from 2.01 to 1.78). This is because the
controlled to around 2.0, several hundreds Mkin can be profile dispersion of the PF polymer-based GI POF is smaller
achieved in wide wavelength range from 0.6 to 48, because than that of Ge@-SiO,-based Gl multimode glass fiber.
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C. Experimental Bandwidth Characteristics SIPCF ]|

The bandwidth characteristic of the PF polymer-based Gl : I\
POF were experimentally measured by the time domain mea-
surement method [2], in which the impulse response function

was measured by the output pulse broadening from the fiber \

when a narrow pulse such as 50 ps was injected to the fiber. \

A pulse of 10 MHz from a laser diode was injected (N-A. N

0.3.) into the POF. A sampling head (model O0OS-01, Hama- ‘

matsu Photonics Co.), detected the output pulse. As the light ' T ns/div

source, the laser diodes whose emitting wavelengths are 0.65
and 1.3um were used. Measured results of 100-m length PF PE ' | ' t; f
. . . polymer base

polymer-based Gl POF are shown in Fig. 7 compared with the GI POF t
result of 100 m Sl type polymer clad silica fiber (SI PCF).

Although a slight distortion is observed in the leading part ’
(left side threshold) of the output pulse in the PF polymer-based ' f
Gl POF, the pulse width is much smaller than that of Sl /
PCF. The refractive index profile of the measured Gl POF is /
shown in Fig. 8. As shown, the profile exhibits a tail around
the core-cladding boundary, which differs from the optimum .
index profile approximated by power-law equation. The index Ins/div.
exponeny approximated from the index profile in Fig. 8 is 1.8,
which results in 1.7 GHz for 100 m of bandwidth at 0,68
wavelength as shown in Fig. 5. However, the measured band-
width was 1 GHz which was lower than expected bandwidth.
Comparison of measured and calculated bandwidth based on
(2) for the PF polymer-based Gl POF is shown in Fig. 9 com-
pared with those of PMMA-based GI POF. In the case of the
PMMA-based Gl POF, excellent agreement between measured L
and estimated values is observed, while the experimental data
(open circle) of the PF polymer-based Gl POF is much lower
than the calculated curve. Such difference would be due to the
deviation of index profile from the power-law profile as showrig. 7. Pulse broadening through 100 m PF polymer-based GI POF and

.
Input

Ins/div.

in Fig. 8. step-index PCF at 0.6Bm wavelength.
In order to accurately evaluate the dispersion characteristic of
the Gl POF whose index profile is deviated from power-law ap- 1.355 — r
proximation, a numerical computation method based on WKB
method was adopted [11], [12]. In the computation procedure, L
the index profile was described by a ten term polynomial func- 5 1.350
tion of the distance from the center axis of the fiber as shown E
in (9) 21345 |
3 [
z
7y 10 7\ 9 1.340
) =m [1-2-8 L (2)" 4 40 (2) :
a a L
7,2 r 1/2 1.335-....|....|....|....
et Ay (_) T A, - (_) 9) 1 0.5 0 0.5 I
a a Normalized Radius
where Ao, Ayg,---, A, A; are constants independent of theig. 8. Refractive index profile of the PF polymer-based GI POF. Solid line:

wavelength of transmitting light. By investigating the approxmeasured index profile. «: approximated index profile by power-law form when
imation accuracy it was found that the ten terms are enouﬁﬁ:ndex exponenj is 1.8.0: estimated index profile by ten terms polynomial

. 7 o i ing.
to describe various refractive index profile of the PF polymer-

based Gl POF. In this numerical method, the group delay
the mode can be expressed as where,¢, L, and 3 signify the light velocity in vacuum, fiber

length and the propagation constant, respectively. The symbols
k and R are written as

L k‘ T2 2+ k‘d dk 2 d
LU e 5 e
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wavelength

1G

-3dB Bandwidth (Hz)
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wavelength
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Fig. 9. Comparison between the measured and calculated bandwidth of
the PF polymer-based and PMMA-based GI POF's at gbwavelength. Fig. 10. Pulse broadening through 100 m PF polymer-based Gl POF at

. experimental data in PMMA-based Gl POF. experimental data in PF L2 ) ; .
0.651:m wavelength. Solid line: measured waveform. s theoretically estimated
polymer-based Gl POF. ) - S - ’
output waveform when the index profile shown in Fig. 8 is estimated by
power-law form when the index exponepts 1.8.0: theoretically estimated
output waveform when the index profile shown in Fig. 8 is estimated by ten
terms polynomial fitting.

2
R= \/”(7’)2/f2 - p% - 1:—2 (12) at the core-cladding boundary, higher bandwidth than conven-
tional silica-based multimode fiber can be expected as shown in
wherey is called the azimuthal mode number. In (10), the poldsgs. 5 and 6.
of 1 andr; in the integrand are defined as the solutions of (13)

IV. CONCLUSION

- 12 Lower material dispersion of the PF polymer than PMMA and
n(r)"k” = = 7z 0 (13)  silica gives the great advantage in the bandwidth. It was reported
for the first time that higher bandwidth than PMMA-based Gl
After calculating the group delasof each mode, the time rangepOF and Ge@-SiO,-based multimode fiber can be expected.
between the group delay of the fastest and slowest mode wasHdirthermore, low attenuation, which is another advantage of
vided into 30 to 40 of time slots. The impulse response functigRe PF polymer-based GI POF, enabled much higher bandwidth
was constructed by counting the number of modes whose graatp1 .3 ,m because the material dispersion decreases with in-
delay was involved in each time slot. The output waveform wageasing the wavelength.
calculated by the convolution of input pulse waveform and the |n order to theoretically confirm the high bandwidth of the
impulse response function in which all modes were assumedp polymer-based Gl POF, the bandwidth characteristics were
be equally excited. precisely analyzed with using WKB numerical computation
The calculated result of the PF polymer-based Gl POF whogfthod. Although the PF polymer has very low material disper-
index profile is shown in Fig. 8, is shown in Fig. 10 comparegon, consideration of all the dispersion factors, particularly the
to experimentally measured data. The open circle in Fig. 10ggofile dispersion enabled the precise prediction of bandwidth
the calculated waveform by polynomial approximation, whilgharacteristics. The low attenuation (less than 40 dB/km from
the closed circle signifies the calculated waveform when thgsible to near infrared region) and the low material dispersion
index profile is approximated by power-law form. When thef the PF polymer-based GI POF presents a solution to the

index profile was approximated by polynomial form, the ban@ver-increasing bandwidth demand in access networks.
width estimated by the Fourier transform of the impulse re-
sponse function was 1 GHz, which is exactly the same as the
measured result in Fig. 9. It is noteworthy that an excellent _ _
agreement between the calculated and measured results can B&€ authors wish to acknowledge N. Yoshihara, T.
achieved by the above procedure. Tsukamoto, T. Ohnishi, and N. Naritomi for supplying mate-
It was further confirmed from Figs. 8 and 10 that the leading@!s and having many valuable discussions.

part (left side threshold) of the output pulse in Fig. 10 is at-
tributed to the tailing part of the index profile around the core- REFERENCES
Clac'idlng bogndary, in which higher ques arrived at the end[1] R. E. Epworth, “The phenomenon of modal noise in analogue and dig-
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