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Abstract—Bandwidth characteristics of the large core graded
index polymer optical fiber (GI-POF) are theoretically and ex-
perimentally clarified in this paper. The refractive index profile
of the GI-POF was controlled by the interfacial-gel polymer-
ization to investigate the relation between the index profile and
the bandwidth characteristics. It was experimentally confirmed
that the maximum bandwidth of the poly methyl methacrylate
(PMMA) base GI-POF is at most 3 GHz for 100 m transmission
with using the typical laser diode emitting at 650-nm wavelength
(3 nm source spectral width) when its refractive index profile is
optimized. The maximum bandwidth theoretically estimated by
considering both modal and material dispersions is approximately

, and Yasuhiro Koike

the use of inexpensive injection-molded plastic connectors,
which makes it possible to dramatically decrease the cost of in-
terface devices such as network interface card and installation
cost.

We have proposed a large-core and high-bandwidth graded
index plastic optical fiber (GI-POF) as a promising candidate
for the transmission media in the premises area network [2],
and succeeded in a 2.5 Gb/s transmission in the 100 m
GI-POF link [2], [3] using an LD at 650-nm wavelength.
Furthermore, we clarified the bandwidth characteristics of

3 GHz which is exactly the same as the measured value, whilethe GI-POF theoretically in which both modal and material

higher than 10 GHz for 100 m was expected if only modal disper-
sion was taken into account. The optimum refractive index profile
of the PMMA base GI-POF is theoretically and experimentally
clarified by further considering the profile dispersion.

Index Terms—Graded index polymer optical fiber, interfacial-
gel polymerization process, material dispersion, modal dispersion,
profile dispersion, WKB method.

I. INTRODUCTION

dispersions were taken into consideration [4], [5]. It was found
that the large material dispersion of poly methyl methacrylate
(PMMA), typical polymer matrix of the GI-POF, significantly
decreased the bit rate and that the optimum refractive index
profile giving a maximum bit rate depended on the material
dispersion [4], [5]. This paper describes the control of the
refractive index distribution of the GI-POF and experimentally
confirmed the effect of a slight amount of the refractive index
profile deviation on the bandwidth of the GI-POF.

ONSIDERABLE research activity lately has been cen-

tered on the development of optical component and

Il. EXPERIMENTAL

devices that have the capability to provide the high-speed
multimedia network. In a long haul telecommunication systerg\,
a single-mode glass optical fiber network is well developed for _ _
several gigabit transmission. On the other hand, the developThe GI-POF was obtained by the heat-drawing of the
ment of the optical network in the premises area has beengsaded index preform whose diameter was 18-30 mm. The
great importance with the spread of the Internet. However, tageform rod in which the refractive index gradually decreases
single mode silica fiber network is not a necessarily suitabi@@m the center axis to the periphery was prepared by the
infrastructure of such short distance area. A small core of thgerfacial-gel polymerization technique whose process is de-
single mode silica fiber requires highly accurate alignment f¢ribed as follows [1], [5]: A PMMA tube was prepared by a
coupling of light source and fiber, and in fiber connectiomulk polymerization from the purified MMA monomer whose
which tend to increase the total network system cost. outer diameter was 18-30 mm and inner diameter was 60%
Large-core, low-cost polymer optical fiber (POF) provide@f_ the outer diameter. The PMMA tube was filled w_ith j[he
several advantages [1], [2]. The large core of the POF allowyxture of MMA monomer, dopant material, polymerization
_ , , initiator, and chain transfer agent. We used several kinds of
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polymer phase grows from the inner wall of the tube to 1.515 . T
the center. During this process, the MMA monomer can i

easily diffuse into the gel phase compared to the dopant
molecules because the molecular volume of the dopant which

has benzene rings in it is larger than that of monomer. 5
Thus the dopant molecules are concentrated around the center 2 1.505
region of the core to form almost the quadratic refractive z
index profile [2]. Here, polymerization reaction rate plays an £ 15
important role to control the refractive index profile because & i

it affects the diffusion process of MMA monomer and dopant
molecules into the polymer gel phase formed from the inner
wall of the tube. The index profile of the GI-POF was 1
controlled by changing the kind and concentration of the 1.49 : .

SR : 0 0.5 1
dopant, polymerization initiator, and chain transfer agent. Normarized Radius

1.495 |

i At ; ; Fig. 1. Refractive index distribution of PMMA base GI-POF. (A): diphenyl
B. Characterization of Fiber Bandwidth sulfide (DPS) doped GI-POF, (B): benzyl benzoate (BEN) doped GI-POF,

The bandwidth measurement of the Gl and SI-POF’s w8: benzyl n-butyl phthalate (BBP) doped GI-POF.
performed by determining the transfer function of the fiber.

The procedure of the time domain measurement involVgiex exponeny that is in the power law approximation of
generating and launching very short pulses of light into e refractive index distribution written as
sample and then detecting and recording the distorted pulses

at the output of the fiber [2]. A pulse of 1 MHz from an n(r) =4 m [1 — 2A(£)9:|1/2 0<r<a (1)
InGaAIP laser diode (wavelengt? 655 nm, source spectral o @ r>a
width = 3 nm) was injected (N.A= 0.3.) into the POF. The
output pulse was detected by a sampling head (model O0S-01, n? — h3
Hamamatsu Photonics Co.). The transfer function of the fiber A= on2 (2)
was obtained by the Fourier transform of both input and output !
pulse waveforms. The bandwidth of the fiber was determinédieren; andn, are the refractive indexes of the core center
as the frequency giving-3 dB of the transfer function. and cladding respectively, and:™ is the core radius. The
parameterg signifies the difference of the refractive index

C. Measurement of Bit Rate Characteristic of the GI-POF Linkfofile. The index exponent of the GI-POF was determined

a least-square method.

he refractive index profiles of the GI-POF in which BEN
as used as the dopant are shown in Fig. 2. Three profiles

Data transmission experiment was carried out by using tH
edge emitting red laser diode (LD) with 647-nm wavelenngv

which was developed by NEC for high speed data transmissi(ﬁnF- 2 f hanai h , f th
2], [3], [6]. A 500 M—2.5 Gb/s 215 — 1, NRZ PN patterns N 'Fig. 2 were formed by changing the concentration of the

d to the LD. The I out led _rﬁolymerization initiator. The broken lines in Fig. 2 denote the
were passed to the LD. The laser output was coupled | Bproximated results by (1) where the index exponent g of

a POF With. a graded index rod Iens. Fiber Iaunched POWErve (A), (B), and (C) are 1.96, 2.3, and 5.0, respectively.
was approximately-5.0 dBm at maximum. The fiber outputI the case of Ge@SiO, system Gl glass fibers fabricated

signal was coupled into the Si PIN photo diode with a 40, V CVD or MCVD process, it is said that the power law

pm (_j|ameter via a graded index rod lens. A PIN FET Optlc%lpproximation is not an necessarily ideal method to describe
receiver was used. the index profile because of the central dip made by the
collapse process or of the interfaces of many deposited layers
[8]. On the other hand, the power law of the form well

) o describes the refractive index profile of the GI-POF as shown
A. Refractive Index Distribution of the GI-POF in Fig. 2.

The refractive index distributions of the GI-POF’s con- As described in the experimental section, the refractive
trolled by the kind of dopant are shown in Fig. 1. Théndex profile of the GI-POF was controlled by the swelling
curve (A), (B), and (C) correspond to the refractive indegrocess of the inner wall of the PMMA tube. A sufficient
profile in which used dopants are diphenyl sulfide (DPS$welling of the inner wall of the tube leads to obtain the index
benzyl benzoate (BEN), and benzyl n-butyl phthalate (BBR)rofile close to parabolic. On the contrary, inadequate swelling
respectively. As shown in Fig. 1, fiber numerical apertungrovides little amount of polymer-gel phase on the inner wall
as well as the refractive index profile can be controlled hyf the tube resulting in the stepwise refractive index profile.
changing the kind of dopant. For instance, since the refractiVaerefore, the reaction rate of the core polymerization has to
index of DPS is 1.633 which is higher than that (1.568) dfe slow for sufficient swelling. In the free-radical polymeriza-
BEN, high numerical aperture GI-POF can be obtained. tion process, the polymerization rate decreases with decreasing

In order to quantitatively discuss the effect of the indethe polymerization initiator concentration. The relation be-
profiles on the bandwidth, we introduce the parameter of th@een the index exponent and the initiator concentration

Ill. RESULTS AND DISCUSSION
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Fig. 2. Refractive index distribution of BEN doped PMMA core GI-POF Initiator Concentration (wt.%)

(solid lines) and the approximated profile by the power law of the form (broken
lines). (A): Approximated index exponeptis 1.96. (B): Approximated index Fig. 3. Control of the refractive index profile of BEN doped (20%) PMMA
exponenty is 2.45. (C): Approximated index exponeptis 5.00. core GI-POFe: initiator (A) aA: initiator (B) m: initiator (C).

100G R ARRA RS
is shown in Fig. 3. As the initiator concentration increases, :
the index exponeng also increases, namely the index profile
is close to stepwise. The optimum index expongnthich is
generally located around 2.0 is obtained in the range from 0.01
to 0.04 wt% of the initiator concentration as shown in Fig. 3.
Accurately controlled refractive index profile as described
above has to be maintained for a long time in order to
utilize the POF in the high speed network systems. Since the
dopant concentration distirbution attributed to the refractive
index profile of the GI-POF, migration or diffusion of the
dopant molecule can cause the degradation of refractive index 100 M Lo
profile. We investigated the thermal and long term stability of 15 2 25 3 35 4 45 5
the refractive index profile. It was experimentally confirmed Index Exponent g
that the parabolic refractive index profile of the GI-POEig 4. Relation between the index expongrand the bandwidth of 100-m
was maintained for more than 5000 hours even at°85 PMMA base GI-POF at 650 nm waveleng#h.Experimental —:Theoretical
by selecting the suitable dopant material. The bandwidth @Y Only modal dispersion was considered. (B): Both modal and material

. ispersions were considered.
the aged GI-POF was simultaneously measured. Measure

bandwidth was originally approximately 1 GHz for 100 "hs shown by curve (A), the material dispersion of the PMMA

which was maintair!gd during 8% agir_19 fqr more thf"m 5900 significantly decreases the bandwidth as shown by curve (B).
h. The themal stability of the refaractive index profile will be It should be noted that there is an excellent agreement be-

published in detail. tween the theoretical result and experimental value. Measured
bandwidth of the GI-POF with the index exponent of 1.96 is
B. Bandwidth of the GI-POF 1.3 GHz which has a good agreement with the approximated

Relation between the measured bandwidth of the GI—P(SENe (B) in which the material dispersion is considered. It was

-3dB Bandwidth (Hz 100 m)

by the time domain measurement method and the ind® served from bc_Jth the_oretical curve (B_) _and the exp_erimental
exponentg is summarized in Fig. 4 in which the result ofP'ots that the optimum index exponengiving the maximum

the theoretical estimation is compared to the experimenpaﬁndv_v'dth IS located aro_und_ 2.3. When the GI_.POF has 2.70
value [4], [5], [9]. The theoretical curve (A) was obtaine an index exponeny Wh'(.:h |s.apart frgm the opt|mqm value
by considering only modal dispersion, while both modal a 3), 1_'06 GH,Z of bandwidth is expenmentallly aghleved. The
material dispersions were taken into consideration in cur é‘ndw'dth estimated by only modal dispersion is 671 MHz

(B). In the theoretical estimation, it was assumed that 15 witat is_ half Of_ th? experimental value, while 1'_08 GHz of
of BEN were doped in the core center. The effect of the dopat?ﬁndw'dth’ which IS almost the same as the _exp(?rlmen_tal vglue
concentration on the bandwidth characteristics of the GI—PGFEXPected by taking both modal and material dispersions into

is discussed in the next section. The material dispersion wigeount.
estimated by measuring the wavelength dependence of the . L .
refractive index of bulk specimen [10]. C. Bit Error Rate Characteristics in 100 m GI-POF link

As the material dispersion strongly depends on the sourcerig. 5 shows the bit error rate characteristics of 1 Gh/s trans-
spectral width [5], the measured source width (3 nm) wasission by a 100-m length GI-POF with an index exponent of
used in the analysis. Although the bandwidth estimated oriy96 which was deviated from the calculated optimum index
by the modal dispersion is higher than 10 GHzgat 1.97 exponentg.,;, = 2.3). The eye diagram after 100-m GI-POF
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Fig. 5. Bit error rate characteristics of 100 m length BEN doped PMMA core
GI-POF link. Signal wavelength was 647 nm and bit rate was 1 Gb/s.The eye 1.53

diagram was taken after 100 m POF transmission. The index expgneit
the used GI-POF is 2.96. Back-to-back(): After 100 m transmission.
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transmission is also shown in Fig. 5. The receiver sensitivity
at 1 Gb/s was-19.5 dBm and the received power penalty
after 100 m transmission was 0.4 dB at™TOof bit error

rate as shown in Fig. 5. A good eye opening was observed. 149 |
The launched optical power was approximatelp dBm at .

tn

Refractive Index

maximum. Therefore, the attenuation permitted to 100 m fiber 148 ¢ 3

was less than 20 dB including the coupling loss of fiber to 147 E . . . . s

photo diode. Since all GI-POF’s used in this experiment had 04 06 08 1.0 12 14 16
approximately 150 dB/km at 650 nm wavelength, about 5 dB Wavelength (um)

of power penalty could be measured. Fig. 7. Wavelength dependence of the refractive index of BEN doped

In Fig. 6, the relation of the possible bit rate versus trﬁwgﬂoﬁ/bgé spgglrzgn;M I?\AMAMA gglr)}wogg%mdeor-é i‘?hﬁﬁﬁ gqug(;hghéﬁ-
index expone_ny is summgnzed. Here the possible bit rate ogc')ped OPMMA.D:p25% BEN 'g'oped"PMMA_ P N R
the GI-POF link was defined as the bit rate when the power
penalty of the received power was 1 dB at the 2f bit ) ) ) ] )
error rate [4], [5]. It was confirmed that higher than 1 Gp/Which both modal and material dispersions are taken into
transmission can be achieved in the range from 1.96 to 3.4&§count. Therefore, 5, 10, 15, 20, and 25 wi% of BEN,
the index exponeng. DPS and BBP_ doped PMMA specimen were prepared and
A little amount of disagreement between the experimentg\e'r refractive indexes a’g seyeral wavelengths were meaSL_lred.
value and theoretical value was observed in Figs. 4 and '€ result of the refractive index of BEN doped PMMA is
The mode dependent attenuation, mode coupling, variart®Wn in Fig. 7. Solid lines in Fig. 7 were determined by the
of the numerical aperture, and the refractive index proﬁ%oproxmatlon of Sellimeier equation described by (3)

deviation along with the axial direction are considered to ) 3 A N2
be factors of the disagreement. As shown in Figs. 1 and 2, n-1=) w2 3)
the fibers made by the interfacial-gel polymerization process i=1 ¢

have different refractive index difference between the centghere n is the refractive index of polymer samplel; is
axis and cladding{An) depending on the kind of dopantthe oscillator strength, and, is the oscillator wavelength.
and polymerization condition. In this paper, the effect dfstimated possible bit rate is shown in Fig. 6. The curves (A)
the difference of the numerical aperture on the bit error ragéd (B) signify the possible bit rate whexn of the GI-POF
characteristics in the GI-POF link is quantitatively discusseésl 0.012, and 0.017. As shown in Fig. 2n of the obtained
as follows: GI-POF is generally in the range from 0.012 to 0.017.

The wavelength dependence of the refractive index of corelt was estimated that the difference of the possible bit rate
and cladding is required in the WKB analysis [10], [11] irin the range from 0.012 to 0.017 dfn is approximated to
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be 250 Mb/s at maximum as shown by curves (A) and (B). 0.5 ~—rrTrrrTrr—r 11 3.5
In the case that the index exponent 2.3, possible bit rate .
of the GI-POF link with 0.012 and 0.017 d@n are almost
the same value (3.3 Gb/s), while in the case thatjuals 5.0,
difference of the possible bit rate is approximately 200 Mb/s.
When the index exponent is around the optimum value, the
modal dispersion effect on the possible bit rate is minimized
and the material dispersion dominates the possible bit rate. On i
the other hand, when the index expongid deviated from the [ BEN
optimum, the modal dispersion increases. With increasing the [
fiber numerical aperture, the number of transmitted mode in the '&,S DPS
GI-POF also increases. As the modal dispersion is defined by i . . . TS B
the time delay between the fastest and lowest modes reached at 04 06 08 1 12 14 16
the fiber end, the modal dispersion also increases with the total Wavelength  (um)
”“mper of transmltted,mOde' Consequently, the pOSSIb,Ie p& 8. Wavelength dependence of the relative index differenceand
rate is affected by the fiber numerical aperture when the indgimum index exponengop:.
exponent is apart from the optimum value. On the contrary,
the possible bit rate when the GI-POF has an optimum index
profile is almost independent on tien of the GI-POF even
if the number of transmitted mode increases with increasingThe bandwidth characteristics of the GI-POF were experi-
the fiber numerical aperture because the modal dispersionrigntally investigated. The PMMA base GI-POF'’s which have
minimized and because the dopant concentration dependey@@ous refractive index profile were prepared by the interfacial
of the material dispersion is small. polymerization technique by changing the kind of dopant,
In the theoretical estimation, we took into account thigitiator, and concentration of the initiator. The difference of
another dispersion property which is generally called “profilde refractive index profile of the GI-POF was distinguished
dispersion” [10], [11], as well as modal and material dispeby a parameter of index exponegtwhich is in the approx-
sions. The profile dispersion is induced by the wavelengtiation of power-law of the form. The index exponenbf
dependence of the difference of core center and claddingtbé GI-POF was controlled in the range from 1.96 to 5.0. The

L's}

da/dh X10

IV. CONCLUSION

the fiber (A) defined as [10] relation between the index exponentind the bandwidth of
the GI-POF was experimentally investigated. The optimum
_ A da (4) index exponeny giving the maximum bandwidth in the case
A dA of the PMMA base GI-POF is located arougd-= 2.3 which

ds almost the same as the calculated ¢pe= 2.33). The
maximum bandwidth of 100-m PMMA base GI-POF was
about 3 GHz. These bandwidth characteristics experimentally
< 2n4 P) < 2n4 P) obtained have good agreements with the theoretically expected

where )\ is the wavelength of light. The optimum refractiv
index exponeny,,; of the GI-POF can be written as (5)

2n, . . value.
Gopt =2 — A -P—-A dn; The optimum index exponent was analyzed by taking the
5 — N, P profile dispersion into account. Since the profile dispersion
dny parameterP of the PMMA base GI-POF is negative in 650
Ny =ny — )‘ﬁ' (5) nm wavelength use, it was revealed that the optimum index
exponenty,,; defined byg,,; = 2 — 2P becomes larger than
When we approximate 2.0. It was indicated that these theoretical and experimental
results clarified the potential bandwidth characteristics and
N =g capability of the control of the modal and material dispersions
of the GI-POF.
the optimum index exponent can be rewritten as follows:
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