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Accurate Refractive Index Profiling in a Graded-Index
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Transmission Rates
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Abstract—An optimum index profile offering the highest bit On the other hand, plastic optical fibers (POF) having a
rate communication was formed in a poly methyl methacrylate  much larger core than silica fibers are expected to be the office-
(PMMA)-based graded-index plastic optical fiber (GI-POF) = anq home-network media because their large core allows the

by modifying the polymerization process. The interfacial-gel . s . .
polymerization process we have proposed to fabricate the US€ of inexpensive injection-molded plastic connectors, which

PMMA-based GI-POF is capable of forming a nearly optimum €an dramatically decrease the total link cost. We proposed
refractive index profile. However, the theoretically calculated the high-bandwidth graded-index (Gl) POF for the first time

bandwidth from the measured index profile was reduced com- [1], and have reported its bandwidth [2], [3]. By forming the
pared with the GI-POF having optimum index profile. In this o qtimym refractive index profile in the perfluorinated (PF)

paper, we report how to obtain a PMMA-based GI-POF having .
exactly the optimum index profile. The bandwidth of this ideal polymer-based GI-POF, a greater than 10 Gb data transmis-

GI-POF was experimentally measured and the very high band- Sion rate is possible over a 1-km distance, because the PF
width of 2.88 GHz even for a 150-m fiber length was confirmed. polymer-based GI-POF has advantages such as low intrinsic
The calculated bandwidth agreed well with the experimentally |oss and low material dispersion [4]. In silica-based multimode
measured one. These results indicate that very low modal dis- a5 fapricated by the conventional modified chemical vapor
persion can be expected in a GI-POF fabricated by the modified deposition (MCVD) dal di ion dominates th
interfacial-gel polymerization process. P . process, mo a_ 'Spers'qn omina eS. e
bandwidth because of refractive index profile perturbations
like a central dip [5], [6]. In this paper, we report the precise
control of the refractive index profile in a GI-POF by adopting
a two-step interfacial gel polymerization process. The ideal
refractive index profile in a multimode fiber provides the min-
. INTRODUCTION imum modal dispersion. The experimentally obtained GI-POF

HE demand for bandwidth continues its rapid increase dfi@ving the ideal index profile exhibited a high bandwidth
T to the continued growth of data communications. sindbat was almost independent of the launch conditions. This
the recent growth of data traffic is exponential, innovative tech@markably high bandwidth was theoretically confirmed by
nology is needed that allows network capacity to scale expkf!culating the propagating modal characteristics. The potential
nentially while requiring at most only a modest cost increast® control precisely the refractive index profile is one of the
Silica-based optical fiber networks are widely utilized in th@dvantages of the interfacial-gel polymerization process in the
long haul telecommunication field and currently even in thereparation technology of the GI-POF.
metropolitan area network. However, in the case of the silica-
based single-mode fibers, the core diameter is approximately Il. EXPERIMENTAL

10 pm, which requires accurate alignment for optical coupling. Formation of a Refractive Index Profile by the

and fiber connection. For this reason, a resurgence of intergfirfacial-Gel Polymerization Process

in multimode fibers has gccompgmed the propo_sal for gl_gablt.l_he GI-POF was obtained by the heat-drawing of the

and 10 Gb Ethernet multimode fiber-based physical media de- ) .
. . . ; : raded-index preform whose diameter was 22 mm. Although

pendent (PMD) combined with inexpensive vertical cavity suf;

face emitting laser (VCSEL)-based transceivers. Therefore rﬂs diameter can be increased to 30 mm, the preform diameter

would not necessarily be the best solution to distribute su\(’:\has slightly smaller than the maximum value because it is

silica-based optical fibers even to office- and home-networksc" to control thg heat_ of polymer|za_1t|or_1.
The preform rod in which the refractive index gradually de-

because of the cost of fiber optic devices such as connectors and ) :
fransceivers creases from the center axis to the periphery was prepared by

the interfacial-gel polymerization technique whose procedure

is described as follows [1], [7]: A PMMA tube was prepared

by the bulk polymerization from the purified MMA monomer;
Manuscript received February 7, 2002; revised April 22, 2002. its outer diameter was 22 mm and, its inner diameter was 60%
The authors are with the Faculty of Science and Technology, Keio Univesf the outer diameter. The PMMA tube was filled with a mix-
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refractive index profile.

sity, Yokohama 223-8522, Japan and also with Japan Science and Technolo L L
Corporation, ERATO, Kawasaki 212-0054, Japan. h%. of MMA monomer, dopant, polym.enzatl.on initiator, and
Digital Object Identifier 10.1109/JLT.2002.801133 chain transfer agent. The PMMA tube filled with this monomer

0733-8724/02$17.00 © 2002 IEEE



1450 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 20, NO. 8, AUGUST 2002

mixture was heated from the surrounding to induce polymethe GI-POF, the approximation of the index profile by the well
ization. The inner wall of the PMMA tube is slightly swollen byknown power-law form described by (1) is suitable

the monomer dopant mixture to form the polymer gel phase.
The reaction rate of the polymerization is generally faster in i [1—oa (T 911/2 0<r<

the gel phase due to the “gel effect.” Therefore, the polymer n(r) =m [ (a) } =r=a

phase grows from the inner wall of the tube to the center. During =n2 r>a 1)

this process, the MMA monomer can easily diffuse into the gel

phase compared to the dopant molecules because the moledubgren; andn, are the refractive indexes of the core center and
volume of dopant, which has benzene rings in it, is larger thatadding, respectively, is the core radius, and is the relative
that of the monomer. Thus, the dopant molecules are concétglex difference defined as

trated in the center region of the core to form nearly a quadratic ) )

refractive index profile [1]. The polymerization reaction rate A=1"" )
plays an important role to control the refractive index profile 2ni

[7] because it affects the diffusion process of MMA monom
and dopant molecules into the polymer gel phase formed frg
the inner wall of the tube. The index profile of the GI-PO

e parametey called the index exponent determines the re-
ractive index profile. However, for analyzing the bandwidth

was controlled by changing the kind and concentration of tﬁ)é the experimentally obtained GI-POF, it was found that the

dopant, polymerization initiator, and chain transfer agent. Tl;?@wer-law form in (1) could not precisely represent the mea-

GI-POF was obtained by the heat-drawing the GI preform. Tﬁéll‘ed refractive index profile. The power-law approximation is

heat-drawing of the G preform was carried out at 220-230 not necessarily suitable for the index profile formed by the in-
The fiber diameter was controlled to be 7561, In this fiber, terfacial-gel polymerization technique. Therefore, the approxi-

the core diameter became approximately 560 mation of the index profile by a ten-term polynomial function
of the distance- from the center axis of the fiber as shown in

(3) was adopted [3].

i istribyti i i i r 10 3\ 9

B. Refractive Index Distribution and Dispersion Analysis (r) = m [1 _9.A- {Am . (_) 4 Ay (_)
a
o , . . i 2 r 1/2

_ The refra_lcuve; index profile formed in the core region of mul Fd Ay (_) F A - (_)H 3)
timode optical fiber plays a great role determining in its band-
width, because modal dispersion is generally dominant in the _
multimode fiber. We have reported that the GI-POF prepared B§"® 410, Ao, ..., A2, A, are constants independent of the
the interfacial-gel polymerization process enabled a gigabit diYgvelength of the transmitting light. By introducing this
transmission rate [1], [8]. Furthermore, we have analyzed tRRProximation method, it pecame possible to fit the experimen-
bandwidth potential of the GI-POF by taking all modal, materidflly measured index profile.
and profile dispersions into account. The material and profile _ .
dispersions are induced by the wavelength dependence of th€reDispersion Calculation
fractive index of fiber material. For instance, inthe case ofapoly By quantitatively approximating the index profile, the

methyl methacrylate (PMMA)-based GI-POF, we showed thepandwidth characteristics of the GI-POF could be theoretically
reticallythatthe Iarge material dispersionlimited the maXimUl@stimated_ In this paper, the WKB numerical Computation
bandwidth to be approximately 3 GHz for a 100-m distance gtocess was adopted for calculating the impulse response
650-nm wavelength when a light source with a 2-nm spectiinction [3], [9], [10], and the calculated results were com-
width was used [2]. As the material dispersion limitation is sigsared with that experimentally measured by the time domain
nificant in the PMMA-based GI-POF at 650-nm wavelength, aGeasurement method. In this numerical method, the group

we mentioned before in [2], the theoretical bandwidth |Im|taje|ay7- of the mode having the propagation constartan be
tion is improved to approximately 6 GHz for a 100-m distancexpressed as

with a light source having a 1-nm spectral width. We previously

measured the material dispersion of PMMA [2] and found that |:f7‘2 n’+4nkan dr}
the material dispersion of the PMMA was 0.305 ns/nm/km at = EE ™ _ R (4)
650-nm wavelength. Compared with the silica-based multimode cp f e

fiber, data transmission at 650-nm seems somewhat disadvan-
tageous, because the material dispersion is smaller at a longgeren, ¢, andL signify the refractive index profile determined
wavelength such as 850 nm or 1300 nm. However, as the 1@ (3), the light velocity in a vacuum, and the fiber length, re-

attenuation window of the PMMA-based GI-POF is located &pectively, and andR are described in (5) and (6), respectively.
650 nm where the attenuation is 145 dB/km, the bandwidth at

this wavelength was evaluated in this paper.

|5

For such a bandwidth analysis of the GI-POF, it was nec- b= A ©®)
essary to quantitatively approximate the refractive index pro- 0o , V2
file of the GI-POF. For designing the optimum index profile of R=y\/n(r)*k* - % — 2 (6)
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Here, X in (5) is the wavelength of light in free space, anth 1.515 R R R L
(6) is called as the azimuthal mode number. In (4), the limits of
r1 andrs in the integrand are defined as the solutions of (7). )3 Fiber 2 ]
1510 P Approximated g value: ]
g=4.2
22 o VU % /

n(r)°k® — g% — 3= 0. @) S isosf i
After calculating the group delayof each mode, the time range % 1500 L Fiber 1 ]
between the group delay of the fastest and slowest mode is di- ~ - Approximated g value: ) ;
vided into 30 to 40 time slots. The impulse response function [ g=2.5 |
was constructed by counting the number of modes whose group 1495 | _
delay was involved in each time slot. The output waveform was
calculated by the convolution of the input pulse waveform and [
the impulse response function in which all the modes were as- 1.490 L L L . L Lisatbasss

0 50 100 150 200 250 300 350 400

sumed to be equally excited.
Radius

(um)

D. Bandwidth Measurement of the GI-POF Fig. 1. Refractive index profile of a PMMA-based GI-POF prepared by the

interfacial-gel polymerization process. Solid line: measured index prgjile

The bandwidth of the GI-POF was measured by a tinfiproximated profile using power-law form.
domain measurement method, in which the bandwidth was
estimated by measuring the output pulse waveform when a
narrow pulse was inserted into the fiber. As the light source,
an InGaAsP laser diode at 655-nm wavelength and 1-n |nterfacial-Gel Polymerization Technique
spectral width was used. The input pulse generated by the pulse
generator was inserted into the GI-POF, and the output puls€Representative examples of the refractive index profiles
was measured with a sampling head (Hamamatsu OOS-0¥)the PMMA-based GI-POF are shown in Fig. 1, in which
and recorded and analyzed using a sampling oscilloscope. curves fitted to the power-law form are also indicated. The

The launch condition of the GI-POF is a very important issugest fitted curves to the measured profile were obtained by
in the measurement of the bandwidth. Generally in bandwidtihe least-squares method. These GI-POFs were drawn from
measurements of multimode silica fibers, an establishmentaR2-mm diameter preform that was prepared by the interfa-
the steady state mode power distribution was advocated in seial-gel polymerization process. As we already reported [7],
eral previous works when the multimode fiber was intended tois almost possible to control the value by regulating the
be adopted in telecommunication networks, because its actpalymerization reaction rate in the core region. Therefore,
long distance use forms a steady-state mode power distributiote. theoretically and experimentally investigated the optimum
On the contrary, with increasing interests in multimode fiberefractive index profile of the PMMA-based GI-POF. For
to be used in the data communication area, the overfilled laungiedeling the optimum index profile, we already proposed
(OFL) condition to excite all the modes is not necessarily réhat all modal, material and profile dispersions should be
quired. However, as this paper focuses on the accurate contéien into consideration. Since the PMMA-based GI-POF
of the index profile in whole core region of the GI-POF, theéhould be utilized in an optical link whose wavelength ex-
bandwidth that is measured under the OFL condition shout¢riences low attenuation (650 nm), the material and profile
be rather important. If the high bandwidth is achieved by ttdispersions are much larger than those at longer wavelengths
GI-POF even under the OFL condition, high-speed data trassich as 1.3:m or 1.55um which are used for conventional
mission is enabled by the GI-POF with a wide range of the opilica-based single-mode fibers. Therefore, although the op-
tical transceivers at the specified wavelength, because its htghum index exponentg,.) is almost 2.0 when only modal
bandwidth characteristic is independent of the launch condiispersion was taken into account, g of the PMMA-based
tion. In order to achieve a steady-state mode power distributidijMA-diphenyl sulfide (DPS) system) GI-POF was 2.5 at a
all modes should be fully launched followed by mode scran®50-nm wavelength after considering the profile dispersion.
bling, by which mode coupling is deliberately induced. In thi&s shown in Fig. 1, the GI-POFs having an almost optimum
paper, a short step-index(Sl) POF (1-m length) was used as ith@ex exponent (2.5) and a larger index exponent (1.2) were
mode exciter to establish uniform launching conditions of agixperimentally obtained.
the modes. A pulsed signal was directly launched into the 1-mlit was experimentally confirmed that the refractive index
S| POF followed by the tested GI-POF sample by butt-couplimgrofile of the measured GI-POF prepared by the interfacial-gel
on a V-groove. Since the power distribution at the output end pblymerization process was not necessarily well-fitted to the
the 1-m SI POF is uniform in its core region, and the numericpbwer-law form shown by (1). [3] In order to evaluate the ac-
aperture of the SI POF (0.5) is sufficiently higher than that @uracy of the power-law approximation, the difference between
the GI-POF (0.2-0.3), the 1-m SI POF is considered as an idda measured and approximated refractive index profiles was
mode exciter for a uniform launch. plotted with respect to the normalized core radius in Fig. 2. It

I1l. RESULTS AND DISCUSSION
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Fig. 2. Refractive index differences between the approximatdelg. 3. Comparison of approximation accuracy between power-law and
(n(7)approximatea) and measured n(7)measurea) profiles shown in polynomial fittings for the refractive index profile of Fiber 1.

Fig. 1. Fiber 1: Approximated index exponenis 2.5. Fiber 2: Approximated
index exponeny is 4.2.

Input Output

is found from Fig. 2 that both Fiber 1 and 2 showed positive
deviation of the refractive index profile in the range of 0 — 0.€
of the normalized core radius, and negative deviation in 0.6 £ [ 1
1.0 of the normalized core radius. It was found by investigatinqg i > S
many GI-POFs prepared by the interfacial-gel polymerizatio% ! ‘u
process that a similar deviation was observed in almost &= -
of the PMMA-based GI-POFs drawn from an 18 — 22 mms | \ ‘
diameter preform. This result indicates that the measureZ | 'y
index profile cannot be described by only one index exponer J
value. In the case of Fiber 1 shown in Fig. 1, although the be: 0
fitted index exponeny is 2.5, which was determined by the
least-squares method, it can be found from the result shown A
Fig. 2 that the measured index profile should be expressed by
using g value smaller than 2.5 in the range of 0 — 0.6 of th&g. 4. Output pulse waveform from a 100-m PMMA-based GI-POF (Fiber
normalized radius, Whil@ value Iarger than 2.5in 0.6 — 1.0 Ofl) compared With that of the input pulse. Solid line: Meas_ured input_and output
. . waveforms.e: Calculated output waveform when the index profile of the
the normalized radius.

GI-POF was approximated by a ten-term polynomial form and all the modes
In order to precisely approximate the refractive index pravere assumed to be uniformly launched.

files of Fiber 1 and 2, a ten-term polynomial fit was carried
out, and their bandwidth characteristics were calculated by fe¥hose index profiles are shown in Fig. 1. The calculated output
lowing the above process. In the case of Fiber 1, the differengelses were obtained by calculating the impulse response func-
of the refractive index between the approximated and measutih following the procedure mentioned above, followed by the
profiles [(n(7)approximated — (7)) measurea)] iS plotted with re-  convolution with the input pulse waveform. When the index pro-
spect to the normalized core radius in Fig. 3. It is noted that tfike exhibits large deviations from the optimum £ 4.2, Fiber
value of [(2(r)approximated — 7(T)measurea)] iS @lmost 0 over 2), a significant output pulse broadening is observed, while little
the whole core region. This means that the polynomial fittingulse distortion is observed in the GI-POF having an almost
more precisely approximates the refractive index profile thatgeal index profile { = 2.5, Fiber 1). On the other hand, both
the power-law approximation. calculated output waveforms (closed circles) in Figs. 4 and 5
The bandwidth characteristics of both Fiber 1 and 2 were thigave two peaks, which is different from those measured. Thus,
oretically calculated by utilizing the ten-term polynomial fit-even if the refractive index profile was precisely approximated
ting. As the refractive index profiles are not described by thHey a ten-term polynomial fitting, the calculated output wave-
power-law form, a numerical computation procedure was rierms disagreed with those measured experimentally.
quired in the group delay calculation. In this paper, the WKB We already reported that this difference between the measured
method was adopted. The detailed calculation procedure veaml calculated bandwidth characteristics are not caused by
mentioned elsewhere [3], [8], [9]. The bandwidth characteristicsode coupling but by differential mode attenuation [3]. In
of the GI-POFs were experimentally investigated by a time-dtiis paper, a more detailed modal analysis was carried out
main measurement method. Figs. 4 and 5 show the experimetatiarify the reason why two output peaks were observed in
and calculated results of the output pulse from the GI-POHE® calculated output waveforms. Fig. 6 shows the calculated

500ps/div
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Fig. 5. Output pulse waveform from a 100-m PMMA-based GI-POF (Fiber
2) compared with that of the input pulse. Solid line: Measured input and outpu.

waveforms.e: Calculated output waveform when the index profile of the

GI-POF was approximated by a ten-term polynomial form and all the modg: 7. Calculated differential mode delay (DMD) of the meridional mode
were assumed to be uniformly launched. in Fiber 2 compared with its impulse response function waveformm

Calculated DMD when the index profile was approximated by a power-law
form (g = 4.2) O : Calculated DMD when the index profile was approximated
by a polynomial form. —¢— : Calculated impulse response function waveform
when the index profile was approximated by a polynomial form and all modes
were assumed to be uniformly launched.

Delay Time (ps)

150 L | L T LA B T T

100

order mode. It is found in the DMD curve shown by open
circles that with increasing principal mode number the delay
time decreases at first when the principal mode number is
less than 60, then increases when the principal mode number
is up to 110, and finally decreases again when the principal
mode number is larger than 110. Hence, there are two major
turning points in the DMD curve (open circles) a250 ps
and 200 ps of delay time as shown in Fig. 6. On the other
hand, if the GI-POF has a power-law profile, the DMD (solid
3 line) monotonically decreases with increasing principal mode
. . . L L : number. This considerable difference in DMD shown by open
800 600 400  -200 0 200 400 circles and solid lines is attributed to the refractive index
Delay Time (ps) profile deviation from the power-law form as shown in Fig. 2.
Fig. 6. Calculated differential mode delay (DMD) of the meridional modéS It Wa.s shown in Fig. 2, the refractive mdgx profile of
in Fiber 1 compared with its impulse response function waveform—: ~ Fiber 1 in the range of 0 — 0.6 of core radius could be
Calculated DMD when the index profile was approximated by a power-lafitted to the power-law curve in which an index expongnt
form (g = 2.5) O : Calculated DMD when the index profile was approximatecht |ass than 2.5 is used. Since the ideal index exponent of
by a polynomial form. —¢— : Calculated impulse response function waveform .
when the index profile was approximated by polynomial form and all modd§€ PMMA-based GI-POF at 650-nm wavelength is 2.5, an
were assumed to be uniformly launched. index exponent lower than 2.5 creates an over-compensated
GI-POF, which means that the higher order modes propagate
differential mode delay (DMD) of Fiber 1 by the WKB methodfaster than the lowest order mode. Therefore, the negative
compared with its impulse response function, which was al&iMD was observed in the lower order modes of Fiber 1
theoretically calculated. Here, the calculated DMD means thden the principal mode number is less than 60. On the other
delay time of meridional modes whose azimuthal mode numbdrand, the high order modes in Fiber 1 show positive DMD
v are zero. In Fig. 6, the open circles signify the DMD wittbecause the index profile can be well-fitted to the power-law
respect to the principal mode number calculated by utiliziqgofile having ag value larger than 2.5 as shown in Fig. 2,
the ten-term polynomial approximation for its index profilewhich creates an under-compensated GI-POF.
whereas the filled circles show the DMD when the index The same comparison between the DMD and the impulse re-
profile was assumed to be a power-law profile £ 2.5). sponse function of Fiber 2 is shown in Fig. 7. In the case of Fiber
The horizontal axis shows the arrival time difference of each the DMD shown by open circles increases with increasing the
mode compared with the lowest order mode at the end pfincipal mode number in almost the same manner as that shown
the 100-m GI-POF. Therefore, negative time delay meansbg the solid line. However, only one turning point is observed
faster arrival than the lowest order mode, while the positivat 1500 ps. This also corresponds to the index profile deviation
arrival time means a delayed arrival compared with the lowdsbm the power-law curve of the experimentally obtained fiber.

S0F

Principal Mode Number
Normalized Intensity
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Fig.8. Schematic representation of the two-step interfacial-gel polymerization
process. Radius  (um)

. . . Fig. 9. Refractive index profiles of the PMMA-based GI-POFs prepared by the
In the case of the power-law approximation, it was assumed th@_step interfacial-gel polymerization process. Fiber 3 Thickness and dopant

the profile was discontinuous at the boundary of the core apghcentration in the outer core layer were optimized. Fiber 4 Thickness of the
cladding, whereas a real fiber has a continuous index variatiorP 4" core layer was larger thalf‘ tr:‘tf OhP“L““ThO”ethF'bert.ia Dopant concentration
the boundary. Consequently, the profile necessarily has a p(ﬁnte eufer core region was sightly highet fan fe opiimum one.
of inflection, which causes such a turning point in the DMD
curve as shown in Fig. 7. 0.0006
It is noteworthy that the two peaks in the impulse respons
function curve appear at the same times as the turning points
the DMD curve mentioned above. The impulse response funi
tions shown in Figs. 6 and 7 were constructed by counting th
number of modes that arrived in atime slot having a 25-ps widtt = 0
As the vertical axis in Figs. 6 and 7 shows the principal mod: .
number, it is obvious that the number of modes arriving in on
time slot becomes large at the turning point of the DMD. In fact
each plot in Figs. 6 and 7 signifies one mode. It is shown b
the two figures that the number of modes allotted to one tim < -0.0006

0.0004

0.0002

measured

-0.0002

-0.0004

approximated

slot is greater around the turning point where many modes a —— Fiber 1 —= Fiber 3

rive within a very short time range than other times. Therefore 00008 Ff Fiber 2

the large peak is formed if the relation between the DMD ani -0.0010 — "

the principal mode number shows an abrupt change (turnir 0 0.5 1
point). Furthermore, the peaks in the output waveforms show.. Normalized Core Radius

in FigS. 6and7are mainly formed by the high—order modes. e. 10. Refractive index differences between the approximated
also measured the differential mode attenuation, and found @ut.y, . ) and measured n(r)measurea) profiles of Fiber 3
that the high-order modes had almost twice the attenuationsaswn in Fig. 8 compared to those of Fiber 1 and Fiber 2. Approximated index
the low-order modes [3]. From those results, we concluded tt§ponent of Fiber 3 is 2.45.

the difference in the measured and calculated output waveforms

was induced by differential mode attenuation. polymerization of the outer core region and the polymerization
of the inner core region. After polymerizing the first PMMA
tube having a 22-mm diameter, a specified amount of MMA
By the above detailed analysis, it was found that the accura®nomer-dopant mixture was injected into the PMMA tube
control of the refractive index profile was difficult in the wholeand the tube was rotated on its axis at 3000 rpm in an oven at
core region of the GI preform by the previous interfacial-gél0°C to complete the polymerization. After the polymerization,
polymerization process, particularly when the preform diametdre PMMA tube having an outer core region was obtained.
increases to more than 20 mm. Even if it is calculated th&ubsequently, the PMMA tube was filled with the MMA
the GI-POF has a nearly optimum power-law profile by thmonomer-dopant mixture to form the refractive index profile of
least-squares method, some parts of the profile slightly devidteth the inner and outer core regions. A schematic representation
from a completely optimum one. Therefore, we developeddd this process is summarized in Fig. 8. Since the thickness
two-step interfacial-gel polymerization technique to realize @f the outer core and/or the dopant concentration of the outer
completely optimum refractive index profile. In this process, thend the inner core layers can be varied, the refractive index
polymerization of core region was divided into two steps: therofile, particularly at the boundary of the core and the (outer)

B. Two-Step Interfacial-Gel Polymerization Process
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Fig. 11. Output pulse waveform from a 150-m PMMA-based GI-POF (Fiber - 0
3) compared with that of the input pulse. Solid line: Measured input and outpt 3
waveforms.e : Calculated output waveform when the index profile of the . L . L : Lt
GI-POF was approximated by a ten-term polynomial form and all the mode -3000 -2500 -2000 -1500 -1000 -500 O 500

were assumed to be uniformly launched. Delay Time (ps)

Fig. 12. Calculated differential mode delay (DMD) of the meridional mode in

. . . . . Eiber 3 compared with its impulse response function wavef@gdmCalculated
core region is freely controlled. Refractive index profiles ofp when the index profile was approximated by a polynomial form.

the GI-POFs fabricated by the two-step interfacial-gel poly-4—: Calculated impulse response function waveform when the index profile
merization process are shown in Fig. 9. A large deviation s approximated by a polynomial form and all modes were assumed to be
. . . . uniformly launched.

the index profile from the power-law profile, particularly at
the outer core region, is observed if the thickness and the

dopant concentration are not optimized (Fiber 4 and Fibegsults, by adopting the two-step interfacial-gel polymerization
5). However, by optimizing those parameters, a nearly ide@fiocess, the optimization of the refractive index profile can be
refractive index profile without such distortions was obtaineé@chieved even in a preform with a diameter larger than 20 mm.
The difference of the refractive index profile between the mea-

sured and approximatedn(r) approximated — (") measured)] N IV. CONCLUSION

the case of Fiber 3 is plotted with respect to the normallze(?f\ completely optimum refractive index profile was formed

core radius in Fig. 10 and is compared to those of Fiber 1 aj) ' ; .
. . L a PMMA-based GI-POF for the first time by adopting a
2. It should be noted that Fiber 3 shows little deviation of t’rgvo-step interfacial-gel polymerization process in a 22-mm

refractive index profile in the range of 0 — 0.9 of normalize iameter preform. The accurate control of the index profile

core radius, which means that the index profile of Fiber 3 |3 05 pased multimode fibers has been a key issue. It is

precisely approximated by a power-law profile. As the index S ) .y
exponentg of Fiber 3 is 2.45, the index profile of Fiber 3WeII known that the refractive index profile of silica-based

) N multimode fibers obtained by the MCVD method normally
is completely optimized.

. . . ontains some distortions such as a central dip or ripples [5],
Theoretically estimated output pulses from 150-m of FlberE)(]j P pples [5]

are shown in Fig. 11 compared with an experimentally measu ~Accurate index profiling in GI-POFs by the interfacial-gel

one. Here, _the calcul_ated w_aveform_ was obtained by appro Icilymerization process has also been a key issue, particularly
mating the index profile of Fiber 3 with a ten-term polynomi

form. Even thouah all the modes were assumed to be unifor hen increasing the preform diameter up to 2050 mm. It has
la n(;h(;/d the ::ngc lated output Wlse shou < a 0ood : :ee ¥en shown in this paper that the optimum refractive index pro-
wil:h the e’x erimenl'j[all mel;splrre%uone Th\gse rgsults S%OWTE?QEan be obtained even in such a large diameter preform. This
the arou d%la ofalltrz/e ronagatin m.odesin Fiber 3 is alm e?[éult indicates that very low modal dispersion can be expected
groupcefay propagating mode . 9%'a GI-POF fabricated by the interfacial-gel polymerization
the same, which means that the refractive index profile of F'bSFocess
3 is almost completely optimized. The3 dB bandwidth of the '
Fiber 3 was calculated from the experimentally measured output
pulse by Fourier transform, to be 2.88 GHz even for a 150-m
length, which is almost the maximum theoretical bandwidth [] Y~O IK%i'éfvoTﬁc'j"f?buéf;JaEid h'ft\}vaN\ige%e;';rilgT\'g?“ngidth f‘:?gegiggex
limit of a PMMA-based GI-POF. Fig. 12 shows the comparison gu@,’ 1995_'0 o ANOL 25, PP ’
of the calculated DMD and the impulse response function of[2] T.Ishigure, E. Nihei, and Y. Koike, “Optimum refractive index profile of
Fiber 3. In the range of 0 to 100 of principal mode number, the the graded-index polymer optical fiber, toward gigabit data linRgpl.
DMD shows little change: consequently, the impulse responsgy < vol. 35, o, 12, pp. 20482053, 1996. ;

] ge, ) q Ys - p. ) p qS] T. Ishigure, M. Kano, and Y. Koike, “Which is a more serious factor to
function has a small pulse width. Modes with principal mode  the bandwidth of GI POF: Differential mode attenuation or mode cou-
number greater than 100 show slightly larger time delays. How- _ Pling?.”J. Lightwave Technalvol. 18, pp. 959-965, July 2000.

. . . . [4] T.Ishigure, Y. Koike, and J. W. Fleming, “Optimum index profile of the
ever, they have little influence on the impulse response function, perfluorinated polymer-based Gl polymer optical fiber and its dispersion

namely on the bandwidth characteristics of the fiber. From these  properties,”J. Lightwave Technalvol. 18, pp. 178184, Feb. 2000.
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