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Mode Coupling Contribution to Radiation Losses
In Curvatures for High and Low Numerical
Aperture Plastic Optical Fibers

M. A. Losada, |. GarcésMember, IEEEJ. Mateg Member, IEEEI. Salinas, J. Lou, and J. Zubia

Abstract—We have studied the optical power losses due to mul- for different configurations, using POFs of the same core
tiple curvatures in polymethylmetacrylate (PMMA,) plastic optical  material (i.e., PMMA) but different NAs and attenuation. Our
fibers (POFs) of different numerical apertures (NAs) and attenu- aim was to assess the performance of different types of PMMA

ation. The fibers were tested for several configurations in order to fib bmitted t ¢ . der to test their fut
assess the influence of different types of curved-to-straight fiber IDers submitted to curvatures in order to test their tuture as

transitions in the amount of power radiation. We found that losses @ Substitute for glass fibers in LAN applications. Thus, we
are below the standards for all tested fiber types, and thus, they designed a system to estimate the amount of power losses for

are a suitable choice for local area network (LAN) applications. In  different curvature configurations when bending HNA and
addition, our results revealed the presence of modal interactions as | No pOFs. Although classical models predict higher radiation
confirmed using an experimental procedure to estimate the mode .
coupling strength for the same fibers. Ipsses for the LNA fibers, our results show that ;tandard HNA
fibers have the higher curvature losses, suggesting the presence
of modal interactions [9]. To validate this hypothesis, we
estimated the coupling strength of the same fibers used in the
bending experiments.
I. INTRODUCTION In this paper, we will first describe the experimental system
LASTIC OPTICAL fibers (POFs) are being considered fopgsigned to estimate bending Io_sses, as well as the r.esults ob-
high-performance fiber links at very short distances bé@uned for three PMMA POFs using several conflguratlon§ and
cause of their ductility, light weight, and ease of connection Ithurvaturg diameters. We then discuss these re_sults, basing our
comparison with those of glass optical fibers (GOFs)[1]—[3]. lﬁxpla_natlons on modal power t.ransfer, and estimate the mo_de
addition, POF technology has recently been attracting high ﬁ:lgupllng strength O.f the same fibers to support our hyppthe5|s.
terest in data transmission for local area networks (LANS), suEIlPaHY’ the conclusions dgnved from the results of the different
as those for home and automobile applications [4], [5]. experiments are summarized.
Two limitations of POFs, however, are evident in house or car
environments. First, POFs in market have narrower bandwidths Il. EXPERIMENTAL SETUP

than glass fibers do, which limit their information-carrying The system used to measure the attenuation in the multiple
capacity even for these short distances. Second, a considerghi@atures consists of a transmitter (model S760) based on a
amount of bending is necessary to install an optical-fiber-basgght emitting diode (LED) emitting at 665 nm, with a measured
link in these environments, which increases radiation l0SSQA of 0.3 and an optical power meter (model FM300) with a
[6]-{8]. _ _ silicon detector, both from Fotec. Fig. 1 shows this system for

Low numerical aperture (LNA) fibers have been developeghe of the configurations of the mandrels, which are, in fact,
recently with a reduced modal dispersion and, thus, widgylinders with steps of decreasing diameters, as shown in the
bandwidths than the traditional high numerical aperture (HN"Nbure. In all cases, a 4-m fiber length was used, leaving 1 m
POFs, i.e., those up to 100 MHz in 100 m. According t8traight before bending the fiber around the mandrels.
classical models [6], however, radiation in curvatures shouldn order to test the behavior of the fibers with different num-
be higher for these LNA POFs because they have more similigrs of and types of transitions, seven different configurations
core and cladding indexes than HNA fibers have. Thereforgfthe mandrels have been used, from a maximum of 4 mandrels
we have studied POF power attenuation in multiple curvaturgs1 mandrel, as shown in Fig. 2.

Configurations 1.1 and 1.2 have one quarter-of-a-turn fol-
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Sem ll. RESULTS
Jem o ) )
S5em Preliminary experiments were performed to evaluate the in-
3em : fluence of the distance between mandrels, varying this distance
O Power up to 75 cm. The results show that separating the mandrels more
616‘21]11 meter than 10 cm is irrelevant, suggesting that modal equilibrium after
100cm - (] the curved-to-straight transition can be achieved in only 10 cm.
The losses for each fiber were obtained for the four curvature

radii and the seven configurations depicted in Fig. 2 by rolling

it in quarter-of-a-turn steps, up to four complete turns. For each
Fig. 1. Setup to obtain curvature losses in POFs, including a diagram of fie€r type, several measurements were performed with each of
mandrel used for the experiments with diameters from 3 cm to 9 cm. three different 4-m segments to minimize the variability of the

results.
2.2, but both have one transition per quarter-of-a-turn. Config-AS €xpected, the curvature losses increase when the curva-
uration 3 has only pure curvatures and no intermediate trarisilé radius decreases. For all fiber types, we found that con-
tions. Finally, configurations 4.1 and 4.2 have one complete tufurations with curvatures in a single direction present similar
followed by a straight segment, and thus, half a transition p&ses to those with curvatures in both directions, provided they
quarter-of-a-turn. As in the other cases, turns in configuratié}@ve the same number of straight-to-curved transitions. In this

4.1 have the same direction, wheras they alternate in configuvédy, configurations 1.1 and 1.2, which have two transitions per
tion 4.2. quarter-of-a-turn, are equivalent, as are configurations 2.1 and

The POFs used in the experiments all had a 1-mm-diamefef @S Well as 4.1 and 4.2, respectively.
core of PMMA with a step-index profile. The HFBR-RUS500 N addition, it is clear from the data that the configurations
fiber from Hewlett-Packard has a NA of 0.47, whereas th#ith the greater number of transitions have the higher losses. In
PMU-CD1002-22-E fiber from Toray with an improved bandthis way, the lower losses are found for configuration 3, with no
width has an NA of 0.32. Attenuation was measured by thatermediate transitions, followed by configurations 4.1 and 4.2,
cutback method for both fibers, yielding similar values of 0.2%ith half a transition per quarter-of-a-turn ,and then by config-
and 0.20 dB/m for the HNA and LNA POFs, respectively. |rations 2.1 and 2.2, with one transition per quarter-of-a-turn.
addition, we tested a PGU-CD1001-22E, also from Toray. This The configurations with the higher losses are configurations
fiber has an HNA of 0.5, but it is an upper-grade (U-gradé).1 and 1.2. To illustrate this behavior, the increase of losses
fiber with a lower attenuation of 0.18 dB/m. In all cases, thehen bending the HNA fiber around 5-cm-diameter mandrels
core refractive index was 1.492. is shown in Fig. 4. For the sake of simplicity, the results for
We also measured the coupling coefficient by obtaining ti@nfigurations 1.1 and 1.2, 2.1 and 2.2, and 4.1 and 4.2 have
images of the near-field output power distributions. The systdpgen averaged respectively. The figure shows how the losses
consisted of an optomechanical setup and a computer-ctierease steadily with the number of turns, up to four complete
trolled charged-coupled device (CCD) camera. The source WHENS, without reaching a saturation value, although this increase
a He—Ne laser (633 nm) launched directly into the front en flatter for those configurations with less transitions.
of the fiber, which was mounted onto a rotating stage to allow Thus, we found that the losses for a configuration are higher
input-angle variation. The output intensity was directly imageas the number of transitions increases for a given number of
on the CCD as shown in Fig. 3. turns. This fact is true for all fiber types and radius sizes, al-
For a given fiber, the experimental procedure was as followtsiough the absolute value of the loss is different. In fact, our
First, a fiber between 20 m and 30 m long was placed arountkasurements show lower losses for the LNA fiber than for the
an 18-cm diameter reel to avoid small curvatures that can bigtandard HNA fiber for all the situations tested, except for con-
the results [10]. Then, the polished fiber ends were mounted figuration 3 with 7-cm and 9-cm diameters. The losses for the
specifically designed chucks, and the launch end was carefullygrade HNA fiber are, however, even lower than those ob-
centered in the rotating stage to allow variation of the laungfined for the LNA fiber. We have also observed that the stan-
angle in I steps. An image was recorded for each input anglfard HNA fiber losses increase more steeply with increasing
and processed in order to obtain the launch angle for which thgns than do the losses for the other fiber types. This is true for
output pattern changes from disk to ring, known as the tragy the configurations and radii tested.
sition angled;. Once the angle scan was completed, a deter-tq quantify this effect, we have obtained linear fits of the cur-
mined length of the fiber was cut from the further end, anghyre losses for all configurations with a 2.5-cm radius for both
the whole procedure was repeated. Then, we followed Glogg/) standard HNA and the LNA fibers. An average of the slopes
power-flow equation [11], [12] to derivelag-log relation be- ¢, o) configurations gives a value of 0.028 for the standard
tween transition angle() and fiber length{) in orderto obtain \a | whereas for the LNA fiber, the value is only 0.019.
the mode-conversion coefficieit by fitting alog-log plot of 4 symmarize our results for the studied fiber types, we show
the data with a straight line of a half-slope, as follows: in Fig. 5 the losses when bending the fibers two-and-a-half turns
around the mandrels in configuration 1.1 as curvature radius in-
log (6;) = % log(z) + log(2D/?). (1) creases. Because thisis the configuration with the higher losses,
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Configuration 4.1 Configuration 4.2

Fig. 2. Mandrel configurations tested in the experiments.
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‘q,,,',’ 0.5 ] quarters-of-a-turn and curvature radii ranging from 1.5 cm to 4.5 cm.
[ L ]
3 04 | h
o . ] than 1 dB for all fibers and all configurations tested when the
2 03¢ . curvature diameter is equal to or greater than 5 cm. In addi-
E [ ] tion, none of the fibers present losses higher than 0.5 dB for
S 02 E 10 quarters-of-a-turn over a curvature diameter of 5 cm. In this
04 I 3 way, all fibers tested are below the limits set by the ATM-Forum
[ ] Standard AF-PHY-0079.001 that was defined only for LNA
LY - fibers, because they have wider bandwidths. Thus, LNA POFs
0 4 8 12 16 can be used for 50-m links at 155 Mb/s, which is another of
Number of quarters-of-a-turn the latter standard requirements that cannot be met by standard

HNA POFs. In conclusion, LNA PMMA POFs are a very suit-
Fig. 4. HNA POF curvature losses as a function of the number ¢fple alternative to GOFEs for LAN applications
ters-of-a-turn f drel diameter of 5 cm. : . '
quarters-ol-a-turm for & mandret dlameter of 5 cm We found in most cases lower bending losses for the LNA
we can conclude that thev are alwavs below 0.5 dB for CurVﬁkger than for the standard HNA fiber with similar attenuation.
. y ys beic ' 8nly for configuration 3 with the two larger radii are the stan-
ture radii equal or greater than 2.5 cm. Similar results have bec?a?rd HNA losses lower. For all other configurations, and even
obtained by other researchers [7]. The losses, however, increase : :

- ) or configuration 3 with the radius smaller than 3.5 cm, the
very steeply for smaller radii. The figure also shows how CUNVfEsses are larger for the HNA fiber. However, fiber losses are
ture losses are higher for the standard HNA fiber. '

even slightly lower for the U-grade HNA than for the LNA fiber
in all cases.
Traditional models postulate that, as the geometry changes
We have tested three kinds of PMMA POFs of different NA&r a bent fiber, some of the formerly propagating rays change
and attenuation to assess their behavior when they are bémtefracted ones and, thus, part of the energy traveling through
which occurs frequently in home or automobile applicationghe fiber is radiated. The energy proportion transferred from
Our results show that losses for 16 quarters-of-a-turn are lovierunded toward leaky rays depends on the critical angle, being

IV. DISCUSSION
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higher for lower angles; thus, the lower the NA, the highe -0 T ———7T— 71 1

the curvature Iosse; [6]. Therefore, this t_heory predicts high s Standard HNA POF ]
losses for the LNA fiber and cannot explain part of ourresult: . 4 L | _g LNA POF @1
making it necessary to use a more complex model includir b | e U.Grade HNA POF

modal power transfer. {3

Modal theory postulates two different effects to account fc @
bending losses: transition losses and curvature losses. Transi ®
losses occur because the modal patterns meeting the geometi g
constrains in a straight fiber are different than the modal pe 2 I
terns meeting those in a bent one [13]. This pattern adjustme,g -25 -
involves a power loss, which is independent from the losses & I

o)) L
the curvature itself. S sr
Using this theory, the differences we found among the resul
for different configurations tested can be justified. First, fori a5 . . v v e ey
given curvature radius, we found smaller losses for configur. 05 1 15 2 25 3 35

tion 3 with only pure curvatures and no transitions, and loss
subsequently higher for those configurations with a greater
number of transitions. According to the model, these exti@y. 6. Transition angle versus fiber length obtained for the LNA fiber
losses can be attributed to pattern adjustment in the transitiofaggles) and for the HNA fiber with high attenuation (squares) and low
which is also supported by the fact that we found similar loss8&enuation (triangles).

for a given fiber when the number of transitions per turn was

the same, independent of the turning direction. TABLE |

H H - MODE CONVERSION CONSTANTS AND THEIR STANDARD DEVIATIONS
To explain the greater power loss in the_ stapdarq H_NA fiber, FOR THE STUDIED FIBER TYPES
we suggest that a stronger mode coupling in this fiber type

Log ( Fibre length (meters) )

[9], [14] could compensate the power radiated in the curvatures Type D (rad?/m) op

by supplying energy to higher order modes from lower order S-HNA 87x107% 12x1074
modes. In this way, the power transfer from lower to higher U-HNA 33x107* 26x107°
modes will be small for a fiber with a weak mode coupling, LNA 2.8x107* 35x107°

whereas, for a fiber with a high coupling strength, a consider-

able amount of power is transferred from lower to higher order

modes, increasing the total loss. This effect can be related to t@nt, calculated from the intercept, as well as their standard de-
fact that curvature losses increase more steeply with the numwigtions are shown in Table I.

of turns for the standard HNA fiber than for the other fibers. This The values ofD show that mode coupling is significantly
effect has been quantified by calculating the average slope of tigher for the standard fiber with HNA than for the others. The
curvature losses versus number of turns, which is significantiglues ofD for the LNA and the U-grade HNA are, however,
higher for the standard HNA fiber. very similar. Because both the LNA and the U-grade HNA

To find further support for our hypothesis, we measurefbbers show a similar behavior for curvatures, it seems reason-
the coupling strength by recording the changes of fiber outpde!® © think that there is a contribution of mode coupling to
power with mode coupling. When the optical power in gurvature losses. In this way, our results for coupling strength
POF reaches the equilibrium modal distribution, the far fiefg!PPOrt the hypothesis of a compensation of optical power,

presents a disk pattern, which changes to a ring pattern whjggesting that optical power can be transferred from lower to

mode coupling is incomplete. This method was first proposé@gher order modes, increasing the amount of power radiated

by Gamblinget al. [12] for GOFs and has been applied later t§! the curvatures.
POFs by other authors [9].

The mode-conversion coefficieft is related to the coupling V. CONCLUSION

coefficient, which is a measure of coupling strength, and is\we show in this paper that PMMA POFs of different types
greater when mode coupling is stronger. In Fig. 6, we plot iave curvature losses lower than the limits set by the current
log-log coordinates the transition angle in radians for all fibestandard. Thus, they are a suitable alternative to GOFs in LAN
types versus fiber length in meters. Each point is the averagesgblications. We have tested several configurations and con-
at least three measurements. Data was fitted to the Straight @ﬂﬁjed that those with the same number of transitions present
defined in (1) using the direct-search method and leaving tBgnilar losses. We tested three types of PMMA fibers with dif-
slope and the intercept as degrees of freedom. ferent NAs and attenuation: a standard HNA POF, a wide-band-
As in a previous work [14], we found a good agreement witvidth LNA POF with an attenuation similar to the latter, and
the model, as all slopes were near 0.5 for all fiber types. In tHatally, a U-grade HNA POF with lower attenuation. Curvature
study, we also found a simildp value for our standard HNA losses were higher for the standard HNA POF, whereas they
and that obtained by Garitet al. [9] for a PMMA fiber with  were very similar for the other types. We estimated mode cou-
similar characteristics. The values of the mode-conversion cgiing strength for the three POFs in order to explain our results
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and found that mode coupling is stronger for the standard HNAL1] D. Gloge, “Optical power flow in multimode fibersBell Syst. Tech. ,J.
POF, followed by the U-grade HNA POF, and that the LNA fiber _ Vol. 51, pp. 50-66, 1972.

h K i Th lude th d l %2] W. A. Gambling, D. N. Payne, and H. Matsumura, “Mode conversion
as a weaker coupling. us, we conclude that mode couplin coefficients in optical fibers,Appl. Opt, vol. 14, no. 7, pp. 1538-1542,

contributes appreciably to higher curvature attenuation by com- 1975,

pensating radiation losses in higher modes by power transfék3l M_. Y. Loke and J._N. McMuIIin, “Simulation a_nd measurement of radi-

f the | d ation loss at multimode fiber macrobends, Lightwave Technalvol.

rom tne lower moaes. 8, pp. 1250-1255, Aug. 1990.

[14] M. A. Losada, |. Garcés, J. Mateo, I. Salinas, and J. Zubia, “Mode cou-
pling in plastic optical fibers of high and low numerical apertures,” in
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