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Abstract—This paper confirms that numerical aperture (NA)
is a key factor in mode coupling [the energy transfer among
propagating modes in multimode fibers (MMF)] and that provid-
ing a high NA is a viable solution to reduce mode coupling in
graded-index plastic optical fibers (GI POFs). Furthermore, the
authors propose a new refractive-index-profile design of GI POFs
when only small mode groups are launched (restricted-launch
condition), which is a combined profile with the index exponents
lower and higher than optimum value for the core center and
periphery, respectively. The advantage of the new index profile is
investigated both experimentally and theoretically. Furthermore,
it is verified that the high-bandwidth performance of GI POF
with the new index profile under the restricted-launch condition
is maintained even when statistical fiber bendings are added to the
GI POF and when misalignment is caused at the optical coupling
between the light source and the GI POF.

Index Terms—Graded-index plastic optical fiber (GI POF),
mode coupling, numerical aperture (NA), restricted-launch
condition.

I. INTRODUCTION

THE EXPLOSIVE spread of the Internet has given us a
highly developed broadband-network society. In order to

meet the demand of large-scale and interactive communication
services, improvements are required in the architecture and data
rates of whole networks.

Silica-based single-mode optical fibers are widely utilized in
long-distance backbone-networks transmission on the order of
10 Gb/s because of its high bandwidth and low attenuation.
In recent years, silica-based multimode fibers (MMFs) have
become popular for Gigabit Ethernet and 10-Gb Ethernet [1].
The large core diameter of silica-based MMF (50 or 62.5 µm)
relaxes the tolerance required in connections between fiber-to-
fiber and fiber-to-light sources and detectors, compared with
those in single-mode fiber (5 ∼ 10-µm diameter) links.

On the other hand, plastic optical fibers (POFs) with much
larger cores (120 ∼ 1000 µm) than silica fibers are expected
to be a communication medium in middle- or short-distance
networks (300 ∼ 100 m) [2]–[4], because its large core and
great mechanical flexibility allow for easy network installation,
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which can dramatically decrease the total system cost. We have
proposed a high-bandwidth graded-index (GI) POF that has a
quadratic refractive-index profile in the core region, and have
improved its bandwidth characteristics [5]. Moreover, we have
designed an optimum-index profile of GI POF for transmitting
greater than gigabit data rates [6]. Because large-core POF
propagates more than 10 000 modes, modal-dispersion man-
agement is a key technology. We have already demonstrated
not only modal-dispersion management by the refractive-index-
profile control, but also the improvement of the material disper-
sion of polymers by a perfluorinated POF [5]–[8]. In addition
to the dispersion-management techniques, the propagating-
mode analysis and the management of propagating-mode char-
acteristics in the GI POF are also serious issues because it
is well known that the mode coupling (the energy transfer
among the propagating modes) in MMFs strongly influences
the fiber bandwidth. In step-index (SI)-type POFs, large mode
coupling has been experimentally observed [9], [10], while we
have proven that the mode-coupling effect on the bandwidth
in GI POF is smaller than that in SI POF [11]. Regarding the
origin of the mode coupling, several hypotheses such as large
scattering or perturbation of the waveguide properties have
been proposed [11]–[13]. However, those are only for silica-
based MMFs, and there are few proposals for GI POF. In this
study, we confirm that NA is a key factor in the mode-coupling
strength, and that providing high NA is a viable solution for
reducing mode coupling in GI POF. In such a high-NA GI POF
with small mode coupling, the launch condition is an important
issue for its bandwidth performance. Therefore, a new index-
profile design of GI POFs when only small mode groups are
launched (restricted-launch condition) is proposed, because the
restricted-launch condition is expected in a real high-speed
GI POF link. Then, the high-bandwidth performance of the
GI POF with the new index profile is confirmed experimentally
and theoretically. Furthermore, the stability of high-bandwidth
transmission under physical perturbations expected in very-
short-reach networks is also investigated.

II. EXPERIMENTAL

A. Fiber Preparation

The GI POF is obtained by heat-drawing a preform in which
the GI profile is already formed. A detailed fabrication method
of the GI POF is described in [5], [6], and [8]. We can control
the refractive-index profile of the GI POF by changing the
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polymerization temperature and composition of the polymer-
ization initiator and the chain transfer agent in the interfacial-
gel polymerization process. Furthermore, we can also control
the NA by changing the concentration of the dopant (diphenyl
sulfide) that has a refractive index (nd = 1.629) higher than
that of poly-methyl-methacrylate (PMMA) (nd = 1.492) for
the core polymerization. We fabricate GI POFs with various
refractive-index profiles and NAs to investigate the bandwidth
and propagating-mode characteristics. In this paper, the core
and fiber diameters are controlled in the heat-drawing process
to be 400 or 500 µm, and 600 or 750 µm, respectively.

B. Refractive-Index Distribution and Dispersion Analysis

The refractive-index profiles formed in the core region of
multimode optical fibers play a great role in determining their
bandwidth, because modal dispersion is generally dominant in
MMFs. We have reported that the GI POF prepared by the
interfacial-gel polymerization process enables greater than gi-
gabit data transmission [5]–[8]. Furthermore, we have analyzed
the bandwidth potential of GI POFs by taking all modal, ma-
terial, and profile dispersions into account. Material and profile
dispersions are induced by the wavelength dependence of the
refractive index of fiber materials. For instance, in the case of
PMMA-based GI POFs, we have shown theoretically that the
large material dispersion limits the maximum bandwidth to be
approximately 3 GHz for a 100-m distance at a wavelength
of 0.65 µm when a light source with a 2-nm spectral width
is used [8].

For such a bandwidth analysis of GI POF, it is necessary to
quantitatively approximate the refractive-index profile of the
GI POF. For designing the optimum index profile of GI POF,
the approximation of the index profile by the well-known
power-law form described by (1) is suitable.

n(r) =n1

[
1 − 2∆

( r

a

)g] 1
2

, 0 ≤ r ≤ a

=n2, r ≥ a (1)

where n1 and n2 are the refractive indexes of the core center
and cladding, respectively, a is the core radius, and ∆ is the
relative index difference defined as

∆ =
n2

1 − n2
2

2n2
1

. (2)

The parameter g, called the index exponent, determines the
refractive-index profile.

The refractive-index profile of GI POF is experimentally
measured by the transverse interferometric technique [14].
We have already confirmed that this method has the highest
accuracy in measuring the graded refractive-index distribution
formed in such a wide area. However, for analyzing the band-
width of the experimentally obtained GI POF, it was found
that the power-law form shown by (1) could not precisely
represent the measured refractive-index profile [7], [8], [11].
Therefore, the approximation of the index profile by a ten-term
polynomial function of distance r from the center axis of the

fiber as shown in (3) is also adopted for quantitative dispersion
analysis.
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where A10, A9, . . . , A2, A1 are constants independent of the
wavelength of transmission. By introducing this approximation
method, it becomes possible to precisely approximate the ex-
perimentally measured index profile [11].

For designing the ideal index profile of GI-type MMF, the
power-law form shown by (1) has been useful, because there is
only one parameter determining the index profile. In this paper,
the power-law form is used only for visualizing the deviation of
the index profile from the optimum (g = 2.4).

By approximating the index profile by (3), the dispersion
characteristics of each mode in the GI POF can be theoreti-
cally estimated. In this study, the Wentzel-Kramers-Brillouin
(WKB) numerical-computation process [15] is adopted, and the
calculated results are compared with those experimentally mea-
sured by the differential-mode-delay (DMD) method, which is
described in Section II-C.

C. Bandwidth Measurement of the GI POF

The bandwidth of GI POFs is measured by a time-domain-
measurement method, in which an optical pulse was launched
onto the fiber by an InGaAlP laser diode (LD) at 0.65 µm.
The input optical pulse created by a pulse generator is coupled
into the GI POF, and the output pulse is measured with an
optical sampling oscilloscope (Hamamatsu C-8188-03). The
bandwidth of the oscilloscope is as high as 3 GHz, and the
detection part of the optical pulse is designed for collecting all
optical signals emerging from large-core POFs (∼ 1-mm core
diameter). Due to a special modulation process for obtaining
a narrow optical pulse with a width of 50 ps [full width at half
maximum (FWHM)], the spectral width of the signal is as broad
as 3 nm. After measuring the waveforms of input and output
pulses, the −3-dB bandwidth of the GI POF is calculated from
the Fourier transform of these waveforms.

The launch condition of GI POF is a very important issue
in the measurement of the bandwidth. Generally, in band-
width measurements of multimode silica fibers, as advocated
in several previous works [16], a steady-state mode-power
distribution should be established when MMFs are intended
to be adopted in long-haul telecommunication networks. This
is because the use of MMF in the long-distance link formed
the steady-state mode-power distribution. Also, the use of an
LED as a light source had been considered since the 1980s.
In this paper, a short SI POF (1-m length, 980-µm core di-
ameter, NA of 0.5) is used as the mode exciter to establish
the uniform launching conditions of all modes [we define
this condition as the overfilled launch condition: (OFL) of GI
POF]. A pulsed signal (approximately 50 ps at FWHM) is
directly launched into the 1-m SI POF followed by the tested
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GI POF sample by butt-coupling on a V-groove. Since the
power distribution at the output end of the 1-m SI POF is
uniform in its core region (980 µm), which have been already
confirmed in [11], and the numerical aperture (NA) of the
SI POF (0.5) is sufficiently higher than that of the GI POF
(0.15–0.3), the 1-m SI POF is considered as an ideal mode
exciter for a uniform launch. On the other hand, for practical use
in a high-speed optical link, an LD or vertical-cavity surface-
emitting laser (VCSEL) will be used. As the VCSEL generally
excites only small mode groups in the MMFs [17], [18] because
of its small radiation angle and radiating area, particularly in
GI POF with a much larger core diameter than silica-based
MMF, only low-order modes would be excited by a small spot
and narrow divergence angle of a VCSEL focused on the core
center of GI POF. Thus, the bandwidth performance should
be investigated under the restricted-launch condition. In this
paper, we adopt the following restricted condition as the under-
filled launch (UFL) condition: a 6.48-µm spot size and 0.16-NA
beam is focused on the input end of a GI POF.

D. Propagating Modal Analysis

Even when GI POFs exhibit high bandwidth under the UFL
condition, mode coupling can degrade the high-bandwidth per-
formance. The mode-coupling strength in GI POFs is investi-
gated by two methodologies: DMD, and the launch-condition
dependence of the near-field pattern (NFP) [11].

The DMD measurement is carried out as follows: an optical
pulse signal from an LD at 0.65-µm wavelength (pulse width is
approximately 50 ps of FWHM) is coupled to a GI POF via a
1-m single-mode fiber that satisfies the single-mode condition
at 0.65 µm in order to launch a specified mode group of the
GI POF. By scanning the position where the single-mode-fiber
probe is butted to the GI POF, from the core center to the
periphery, each mode group from low to high order can be
selectively launched. Then, we measure the differences in the
time of flight of optical pulses among the different mode groups
by an optical sampling oscilloscope, similar to the bandwidth
measurement mentioned in Section II-C.

We also measure the launch-condition dependence of the
NFP from GI POFs with different NA. The methodology of the
launch-condition-dependence measurement is similar to that of
DMD measurement: an optical signal (not pulsed) from an LD
at a wavelength of 0.65 µm is coupled to a GI POF via a
single-mode fiber with a length of 1 m in the same way as
the DMD measurement. In this case, the two launch conditions
(lowest and highest order mode groups) are selected, which
are created by light couplings at the core center and near the
boundary of the core and the cladding, respectively. Then, we
measure the NFPs after 100-m GI POF transmissions with
a charge-coupled-device (CCD) camera system (Hamamatsu
LEPAS-11).

E. Stability of High-Bandwidth Performance
Under Perturbations

The GI POF with the completely optimum profile (g = 2.4)
in the whole core region is able to maintain its high-bandwidth

Fig. 1. Schematic representation of fiber-bending-test condition.

performance not only under the OFL condition but also under
misalignment in launching under the UFL condition [8] and
under static fiber bending, which causes mode coupling, as
well. However, it is of great concern that the high-bandwidth
performance under the UFL condition can be degraded in the
case of the GI POF with an index profile that deviates from the
optimum one due to such physical perturbations in the fiber.

Therefore, we initially measure the bandwidth variation
when the launch-beam spot size and launch position are varied.
The launch condition is varied by using a short-length (1 m)
single-mode silica fiber and a short-length GI POF with 70-µm
core diameter as a probe fiber for restricted launch. Basically,
under the UFL launch condition, the launched-mode power
distribution largely depends upon the light source and related
optics in transmitters. In order to cover the variable-mode
power distribution created by a wide variety of transmitters, we
utilize the two different probe fibers, as mentioned above. A
single-mode fiber can launch a limited number of modes, while
a larger number of modes can be excited by the small-core
(70 µm) GI POF than by the single-mode-fiber probe. Here, the
single-mode fiber used for the probe satisfies the single-mode
condition even at a wavelength of 0.65 µm. To measure the
launch-condition dependence of bandwidth, each fiber probe is
butt-coupled to the GI POF, and the bandwidth performance is
measured when the butted position is displaced in the same way
as in the DMD measurement.

Furthermore, the effect of fiber bending on the bandwidth
performance is also investigated. The fiber bending condition in
this measurement is shown in Fig. 1. The 100-m GI POF is bent
at a distance of 50 m (half of the transmission length) from the
input by turning on a mandrel with 0.5-in diameter, and then,
the number of turns on the mandrel is varied from zero to ten.

III. RESULTS AND DISCUSSION

A. NA Dependence of Mode-Coupling Strength

The launch-condition dependence of the NFPs of GI POFs
with different NA (0.15, 0.17, 0.20, and 0.30) are shown in
Fig. 2. As we have already demonstrated in [19], a significant
profile difference between the low- and high-order modes is
observed in the high-NA GI POF (NA = 0.3), while in the
low-NA GI POF, the profiles are independent of the launch
condition, as shown in Fig. 2. From the results of a wide
variety of GI POFs measurements, a relationship between the
mode-coupling strength and fiber NA is confirmed. It is also
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Fig. 2. Fiber NA dependence of NFPs of 100-m GI POF (NA: 0.15–0.30). 2-D photos and normalized power distribution in radial direction. Solid line: center
launch. Broken line: peripheral launch (offset). (a) Fiber 1, NA = 0.30. (b) NA = 0.20. (c) NA = 0.17. (d) Fiber 2 NA = 0.15.

found that, as shown in Fig. 2, for an NA of more than 0.17,
the launch-condition dependence of NFP becomes obvious in
the GI POFs.

This NA dependence of the mode-coupling strength is ana-
lyzed quantitatively. It is found that the strength of the mode
coupling can be related to the difference in the propagation
constant (∆β) between the adjacent modes.

If the refractive-index profile of the GI POF can be approx-
imated by the power-law form shown as (1), the propagation
constant β of the mode whose principal mode number m is
described by the following equation.

β = n1k

[
1 − 2∆

( m

M

) 2g
g+2

] 1
2

(4)

where k is the wavenumber, and M is the maximum principal
mode number. From (4), it can be derived that ∆β, which is
the difference between β of the modes with different m, is a
function of n1 and ∆. If two modes have the same propagation
constants, namely ∆β = 0, these modes are called degenerate
modes. On the other hand, if the value of ∆β is large, the prob-
ability of energy transfer between these two modes decreases;
thus little mode coupling can be observed. Therefore, large n1

and ∆ values are expected to decrease the mode coupling in
the GI POF.

The fiber NA dependence of the ∆β values is calculated, and
the results are shown in Fig. 3(a). Here, ∆β is defined as the
propagation-constant difference of mth- and (m + 5)th-order
modes, since the large-core GI POF propagates a huge number
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Fig. 3. (a) Fiber NA dependence of the difference between propagation constants (∆β) of adjacent modes. (b) Refractive-index profile of the GI POF used for
the calculation of ∆β shown in (a).

TABLE I
COEFFICIENTS OF REFRACTIVE-INDEX-PROFILE APPROXIMATION BY TEN-TERM-POLYNOMIAL FORM

of modes. Each ∆β value was calculated from the refractive-
index profile shown in Fig. 3(b). In this case, the refractive-
index profile was approximated by the ten-term polynomial
form as described by (3). By utilizing the polynomial form, we
can accurately calculate the propagation constant β of the mode
with arbitrary order with the WKB numerical-computation
process [8], [15]. The polynomial-fitting parameters that have
been used in the approximations are summarized in Table I. It
can be seen that the ∆β values increase with increasing fiber
NA. This is considered to be one of the reasons why small mode
coupling is observed in the higher NA GI POF. Because both
theoretical and experimental results show the same trend, it is
verified that the NA is a key factor in mode-coupling strength,
and that the amount of mode coupling can be controlled by
adjusting the NA of GI POFs.

B. New Index-Profile Design of GI POFs

We prove in the above section that reduction of the mode
coupling is possible in high-NA GI POFs. However, the modal
dispersion of the GI POF is also strongly influenced by the fiber
NA. If the refractive-index profile deviates slightly from the
optimum profile, significant output-pulse distortion is observed
for high-NA (0.25–0.30) GI POFs compared to the output
pulses from low-NA GI POFs with the same index exponent.
The experimentally measured refractive-index profiles of the

different NA GI POFs are shown in Fig. 4(a), and the output-
pulse waveforms from these 100-m GI POFs under the OFL
condition are shown in Fig. 4(b). These GI POFs have the same
index-exponent value (g = 2.9) and are shown as open circles
in Fig. 4(a). Although the measured refractive-index profiles of
the two GI POFs are expressed by the same index exponent,
a larger output-pulse broadening is observed in the high-NA
GI POF, as shown in Fig. 4(b). This is because the modal dis-
persion in the high-NA GI POF is larger than that in the low-NA
GI POF, despite the same index exponent. Furthermore, the
high-order modes that have large group delay exhibit the atten-
uation lower than the higher order modes of low-NA GI POF.
Hence, the high-order modes in high-NA GI POF largely con-
tribute to the pulse broadening. Therefore, a perfectly optimal
refractive-index profile is required for the high-NA GI POF to
achieve high bandwidth, particularly when all the modes are
equally launched (OFL).

On the other hand, even if the refractive-index profile is
not completely optimized, high bandwidth is expected under
the UFL condition mentioned above, when the mode-coupling
effect is small enough. At first, we investigate the bandwidth
of a PMMA-based GI POF with high NA (0.25 ∼ 0.30). When
the approximated index exponent (g = 2.9) is larger than the
optimum value (g = 2.4) throughout the core region, as shown
in Fig. 5(a) (fiber 3), the bandwidth under the OFL and UFL
conditions of the 100-m fiber 3 at a wavelength of 0.65 µm were
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Fig. 4. Measured refractive-index profile and output-pulse waveforms from 100-m fiber 3 (NA = 0.27, horizontal axis is normalized by the fiber radius,
375 µm) at 0.65-µm wavelength.

Fig. 5. (a) Refractive-index profiles of the GI POFs with the same index exponent and different NA. (b) Comparison of the output-pulse waveforms from two GI
POFs for 100-m transmission.

544 MHz and 1.20 GHz, respectively, as shown in Fig. 5(b).
The bandwidth can be improved significantly by adopting the
UFL condition.

Next, we propose a new refractive-index profile for the UFL
condition. The new index profile is not necessarily approxi-
mated by a single index exponent g. In this paper, the bandwidth
performance of the GI POF with the new refractive-index
profile is investigated by varying the launch conditions. Two
representative refractive-index profiles are shown in Fig. 6(a)
and (c) (fiber 4 and fiber 5, respectively), where the profiles
only near the core center are approximated by a small g value
(1.9, 2.3), while larger g values (3.5, 3.8) are required for fitting
the index at the periphery region. The bandwidth of the 100-m
fiber 4 and fiber 5 under OFL and UFL conditions at a wave-
length of 0.65 µm are measured, as shown in Fig. 7(b) and (d),
respectively. In fiber 4, although the bandwidth under OFL is
883 MHz, it is improved to 2.14 GHz under UFL, which is
almost twice as high as the bandwidth under OFL. In Fig. 6(d),
the bandwidth of fiber 5 under UFL and OFL are 577 MHz and
2.44 GHz, respectively, where a larger difference is observed in
the bandwidth under UFL and OFL than that of fiber 4.

This new index profile can be obtained substantially more
easily by the interfacial-gel polymerization process only by
decreasing the polymerization temperature below 100 ◦C. Since
the boiling point of the monomer of PMMA is approximately
100 ◦C, high pressure is required if the polymerization temper-
ature is higher than 100 ◦C. Therefore, the low polymerization
temperature simplifies the fabrication setup of GI preforms. The
polymerization-temperature dependence of the index profile
formed in the PMMA-based GI POF is shown in Fig. 7. The
concentrations of monomer, dopant, polymerization initiator,
and chain-transfer agent for these GI preforms are the same,
while only the polymerization temperature is different. The
measured refractive-index profile formed by the high poly-
merization temperature (120 ◦C) is well fitted to the power-
law form (g = 4.3) in the entire core region as shown in
Fig. 7(a). On the other hand, the profile obtained by the low
polymerization temperature (90 ◦C) deviates from the power-
law form as shown in Fig. 7(b), which is a very similar profile
to that of fiber 4 [Fig. 6(a)]. However, the index profile formed
by the high polymerization temperature, as shown in Fig. 7(a),
is approximated by a larger g value because of the high



ISHIGURE et al.: MODE-COUPLING CONTROL AND NEW INDEX PROFILE OF GI POF 4161

Fig. 6. Measured refractive-index profile and output-pulse waveforms from 100-m fiber 4 (NA = 0.28, horizontal axis is normalized by fiber radius, 250 µm)
and fiber 5 (NA = 0.26, horizontal axis is normalized by the fiber radius, 250 µm) at 0.65-µm wavelength. (a) Refractive-index profile of fiber 4. (b) Input- and
output-pulse waveforms and −3-dB bandwidth of fiber 4. (c) Refractive-index profile of fiber 5. (d) Input- and output-pulse waveforms and −3-dB bandwidth of
fiber 5.

Fig. 7. (a) Measured refractive-index profile formed by high polymerization temperature (120 ◦C). Horizontal axis is normalized by the fiber radius 375 µm.
(b) Measured refractive-index profile formed by low polymerization temperature (90 ◦C). Horizontal axis is normalized by the fiber radius 375 µm.

polymerization rate [6]. We are investigating why the index
profile tends to deviate from the power-law form when poly-
merized under 100 ◦C. The results of a detailed analysis will be
described in the other papers.

C. Group Delay Analysis

To investigate the modal properties of fiber 3 and fiber 4,
the group delay of each mode in these fibers is analyzed by

measuring the DMD. The DMD with respect to the normalized
principal mode number (m/M) shown by (5) is measured

m

M
=

( r

a

) (g+2)
2

(5)

where r is the distance from the core center to the position
where the single-mode fiber is butted.
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Fig. 8. Measured DMD after 100-m transmission through (a) fiber 3 and (b) fiber 4 at 0.65-µm wavelength. Broken line: calculated DMD.

The results of the DMD measurement in the 100-m fiber 3
and fiber 4 are shown in Fig. 8(a) and (b), respectively. The
DMD is theoretically calculated by the WKB method from
the measured refractive-index profile [8]. In these calculations,
the index profiles of the fibers were approximated by the ten-
term polynomial form described by (3). The calculated group
delay of fiber 3, the refractive-index profile of which is shown in
Fig. 5(a), is plotted in Fig. 8(a) by a broken line and is compared
to the measured results, with the DMD of only meridional
modes (with azimuthal mode-number zero). In Fig. 8(a), the
measured DMD values shown by the peak position in each
pulse (open diamond) monotonically increase with increasing
normalized principal mode number in almost the same manner
as the calculated group delay. Here, the vertical position of each
pulse shown in Fig. 8 is adjusted to show that the peak of the
pulse (plotted by open diamonds) can indicate the group delay
of each mode with the normalized principal mode number in
the vertical axis.

On the other hand, the calculated group delay of fiber 4,
the refractive-index profile of which is shown in Fig. 6(a),
is plotted in Fig. 8(b) compared to the measured results in
the same manner as Fig. 8(a). In Fig. 8(b), almost the same

delay times are measured over the normalized principal mode
number range of 0 to 0.7. In contrast, the calculated DMD
curve shows positive and negative delay times for low- and
high-order modes, respectively, and two turning points are
observed at −800 and +1000 ps. With the normalized principal
mode number within the range of 0 to 0.6, a negative time
delay is predicted by the theoretical calculation, because the
approximated g value (1.9) around the core center is smaller
than optimum g = 2.4, which indicates overcompensation of
the modal dispersion. However, this negative time delay is
only barely observed in the experimental results, and is not
as large as predicted by the calculated result. In these lower
order modes, even if a small spot from the single-mode fiber is
used for a selective launch, several modes (a mode group) must
be simultaneously launched, which would have characteristics
which are the average of the launched modes. This multiple-
mode group launch is confirmed by the NFP profiles of a center
launch shown in Fig. 2, where optical output is observed even
at the periphery region of the core. The broad NFP profile
of the center launch in Fig. 2 may be regarded as a result
of mode coupling. However, we have already confirmed in
[19] that the similar NFP profile of the center launch is also



ISHIGURE et al.: MODE-COUPLING CONTROL AND NEW INDEX PROFILE OF GI POF 4163

Fig. 9. Calculated DMD after 100-m transmission through fiber 4 by assuming several mode groups are simultaneously launched by the single-mode fiber probe.
(a) Mode groups of 0 < m/M < 0.1 are assumed to be excited by the center launch. (b) Mode groups of 0 < m/M < 0.2 are assumed to be excited by the
center launch.

observed even for a short-distance (5 m) GI POF. Therefore,
the broad NFP is likely not the result of mode coupling. At
the coupling point between the single-mode-fiber probe and the
GI POF, a small amount of optical power might be coupled to
intermediate-order modes because of the mode-power-profile
difference between the single-mode fiber and GI POF. This
power-coupling issue is under investigation because it is very
important, particularly for the design of optical transmitters
for GI POFs. The results will be described in another article.
Thus, even if the single-mode-fiber position is scanned from the
core center to selectively launch as small number of modes as
possible, the obtained delay time shows a somewhat-averaged
value among the several of tens of launched modes. That is
why the experimental DMD results show disagreement with the
calculated curve in Fig. 8(b).

In order to confirm the cause of the disagreement mentioned
above, the calculated DMD waveforms of fiber 4 are shown in
Fig. 9(a), where a small mode group of the GI POF is supposed
to be launched by the output signal from the single-mode-fiber
probe. These waveforms are obtained by convolving the exper-
imentally measured input pulse with the calculated impulse-
response function of each mode group. Since the differential
mode attenuation is not taken into consideration, the intensity
of the higher order mode groups are much stronger than the
experimentally measured intensity of the corresponding high-

order modes shown in Fig. 8(b). In this case, the group delay of
each mode (peak position of each waveform) is similar to the
broken line in Fig. 8(b).

On the other hand, the calculated DMD waveforms of fiber 4
are also shown in Fig. 9(b), where the modes with m/M from
0 to 0.2 are assumed to be launched by the center launch of
single-mode fiber. According to this assumption, the negative
time delays of intermediate modes (0.2 < m/M < 0.8) should
be contracted compared to the delay of corresponding modes
in Fig. 9(a). The calculated results of DMD shown in Fig. 9(b)
are close to the measured results shown in Fig. 8(b). Therefore,
the discrepancy of the measured and calculated DMDs can be
explained by the averaged group delay of several modes.

From the group-delay analysis by the WKB numerical cal-
culation and the DMD measurement, we demonstrate that the
combined profile with index exponents lower and higher than
the optimum value for the core center and periphery, respec-
tively, is more effective for high-bandwidth performance under
the UFL condition than other profiles, although the completely
ideal one (g = 2.4) is the exception. Moreover, we also verify
that, for the profile near the core center, a g value smaller than
2.4 (optimum) is more effective for high bandwidth under UFL,
because the optical power of only low-order modes can be
more tightly confined near the core center when the g value
is smaller than optimum. This confinement efficiency of the



4164 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 23, NO. 12, DECEMBER 2005

Fig. 10. Measured bandwidths for 100-m fiber 3 and fiber 4 with misalign-
ment at the coupling between the probe fiber and the tested GI POF. Broken
line: bandwidth launched by the typical LD-based transmitter (UFL) with
lens optics.

Fig. 11. Measured bandwidths at 0.65-µm wavelength for 100-m fiber 3 and
fiber 4 with multiple fiber bendings. Broken line: bandwidth launched by the
typical LD-based transmitter (UFL) with lens optics.

Fig. 12. EF from 100-m fiber 3 and fiber 4 launched by single-mode silica
fiber at the core center with fiber bending present. Broken line: bandwidth under
the OFL condition.

optical power of low-order modes is investigated and mentioned
in Section III-D.

D. Stability of High-Bandwidth Performance Under
Perturbations in Very-Short-Reach Networks

The measured bandwidth of 100-m fiber 3 and fiber 4,
with misalignment between the probe and tested fibers at the
launching position, are shown in Fig. 10. It is found that the
bandwidth performance depends on the type of probe fiber,
particularly in fiber 3, the index profile of which is described by
a single index exponent. In the case of fiber 3, large bandwidth
degradation is observed when the launching spot size is large
compared to that of the single-mode-fiber launch. Furthermore,
the bandwidth gradually decreases with increasing misalign-
ment in both launch conditions. On the other hand, the launch-
condition dependence (probe dependence) is small in fiber 4 as
shown in Fig. 10(b). The high-bandwidth performance in fiber 4
is maintained even with a 80-µm misalignment, for both launch
conditions. These results indicate that a large tolerance in the
optics design is allowed in the transmitter for fiber 4.

The effect of static fiber bending on the bandwidth perfor-
mance is investigated. The results are shown in Fig. 11. The
bandwidth of fiber 4 shows little change after multiple bendings
as shown in Fig. 11(b), when a pulse is launched by the single-
mode-fiber probe and the typical LD-based transmitter (UFL)
with lens optics (spot size: 6.48 µm, NA: 0.16). On the other
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Fig. 13. Measured NFPs of low- and high-order modes from 100-m fiber 3 as a function of bending-loop number.

Fig. 14. Measured NFPs of low- and high-order modes from 100-m fiber 4 as a function of bending-loop number.

hand, large bandwidth degradation is observed in fiber 3 when
the number of turns is increased to between three and five,
as shown in Fig. 11(a). Thus, it is found that even tight fiber
bending does not change the high-bandwidth performance of
the GI POF with the new index profile mentioned above.

On the other hand, the mode-power distribution after multi-
ple bendings is shown in Fig. 12, where it is described using
encircled flux (EF) calculated from a two-dimensional near-
field pattern [20]. EFs indicate the normalized total optical
power propagating in MMF as a function of the fiber radius.
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Fig. 15. Measured bending losses of (a) fiber 3 and (b) fiber 4 under center and offset launch conditions as a function of bending-loop number.
Wavelength = 0.65 µm.

It is found in Fig. 12 that optical power diffuses from low-
to high-order modes with an increase in the number of turns
in both fibers. However, the mode power does not completely
diffuse to the broken line that is observed under the OFL condi-
tion. Therefore, the mode power does not diffuse to the highest
order mode even under the most severe bending condition
(∼ 10 turns).

The launch-condition dependencies of the NFP with no
bending and after multiple bendings of 100-m fiber 3 and fiber
4 are also measured as shown in Figs. 13 and 14, respectively.
The measured NFPs for both fibers show that each mode group
independently propagates before bending because mode cou-
pling is reduced by adjusting their NAs, as mentioned above.
On the other hand, each mode group in both fibers does not
independently propagate after the severe bending (ten turns)
for either fiber. The measured NFPs after five-turn bending
show that the launch-condition dependence in fiber 4 (Fig. 14)
is clearer than that in fiber 3 (Fig. 13). These results indicate
that the mode-coupling strength in fiber 4 from low- order to
high-order modes under multiple bendings is smaller than that
in fiber 3.

However, the optical loss due to the static fiber bending is
also of great concern. Fig. 15(a) and (b) show the mode-group-
dependent bending loss of fiber 3 and fiber 4, respectively.
The same single-mode-fiber launch condition as those shown in
Fig. 11 is used, and the output-power losses for center launch
and 260-µm offset launch are measured before and after fiber
bendings using an optical power meter. As shown in Fig. 15(a)
and (b), both lower and higher order mode groups are well
confined in fiber 4 compared to those in fiber 3. This lower
bending loss in fiber 4 is also explained by the small mode
coupling. In fiber 4, each mode group independently propagates
without mode coupling. Therefore, the power coupling from
these guided modes to radiation modes are also small.

This difference in the mode-coupling strength can be evalu-
ated by ∆β values. Each ∆β value of the modes propagating
in fiber 3 and fiber 4 is shown in Fig. 16. These ∆β values are
numerically calculated by approximating the refractive-index
profile of the core by the ten-term polynomial of (3). It can be
seen that the curve of the ∆β values of fiber 4 is V-shaped,
and the ∆β values of fiber 4 are higher than those of fiber
3 in almost all of the modes. Calculated ∆β values of the
GI POFs with power-law profiles (g = 1.5, 2.0, and 3.0) are
shown in Fig. 17. The ∆β value monotonically increases with

Fig. 16. Difference between propagation constants (∆β) of adjacent modes
in fiber 3 and fiber 4.

increasing principal mode number when g is larger than 2.0, and
monotonically decreases with g smaller than 2.0. In addition,
when g is just 2.0, the ∆β value is almost uniform in all the
modes. From these results, it is found that the low-order modes
tend not to couple to intermediate and high-order modes in the
GI POF with g smaller than 2.0. This is the reason why the
core center should be fitted to a g value smaller than optimum
mentioned in Section III-C. Because of the combined profile
of different g values, ∆β of high-order modes take on larger
values. The V-shaped ∆β values in fiber 4 are attributed to the
combined profile with the index exponents lower and higher
than optimum for the core center and periphery, respectively,
as shown in Fig. 6. Particularly, ∆β of the low-order modes
(0 < principal mode number < 20) shows extremely large
values such as 30 × 104 to 40 × 104.

We show in Fig. 3 that the high-NA GI POFs with the
∆β values larger than 15 × 104 exhibit weak mode coupling.
Compared to those GI POFs, it can be seen that the ∆β
values of the low-order modes for fiber 4 are large enough
for suppressing mode coupling. Therefore, a large ∆β value
in all the modes is considered to be the reason why small mode
coupling is observed in fiber 4, even after five bending turns. It
was verified that the new index-profile design mentioned above
could confine the optical power of low-order modes launched
by the UFL condition in the core center more efficiently than
other index profiles.
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Fig. 17. Difference between propagation constants (∆β) of adjacent modes in GI POFs having various power-law forms (g = 1.5, 2.0, and 3.0).

IV. CONCLUSION

In this paper, we verified that the numerical aperture (NA)
of graded-index plastic optical fibers (GI POFs) is a key factor
in mode-coupling strength; consequently, the amount of mode
coupling can be controlled by adjusting the NA of GI POFs.
Furthermore, we proposed a new index-profile design for high-
bandwidth performance under the under-filled launch (UFL)
condition. It was also confirmed that the high bandwidth of
the GI POF with the new index profile mentioned above could
be maintained even if some perturbations are caused, such as
misalignment between the light source and the fiber at the light
coupling or fiber bending, which are common in very-short-
reach networks.
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