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New Method to Calculate Mode Conversion
Coefficients in SI Multimode Optical Fibers

J. Zubig, G. Durana, G. Aldabaldetreku, J. Arrue, M. A. Losada, and M. Lopez-Higuera

Abstract—A simple method is proposed for the experimental
calculation of the mode conversion coefficients in multimode
optical fibers. It only requires observing the far-field output
pattern from a fixed length of fiber as the launching angle
changes, as well as the intersection point between two far-field
output patterns corresponding to two different input angles. The
results obtained with this method are quite insensitive to small
variations of the experimental parameters. A good agreement
between theoretical and experimental results is also found.

Index Terms—Mode conversion coefficients, mode coupling,
multimode optical fiber, plastic optical fiber (POF).

|. INTRODUCTION

LTHOUGH single-mode fibers offer better transmission

properties since their bandwidth is superior, multimode
fibers have several advantages; for example, they impose less
stringent constraints on the light source (even luminescent
diodes are suitable for transmission through a multimode
fiber), and their large dimensions compared with those of
single-mode fibers relax the tolerances required for connection
and splicing. As a consequence, most of the devices, com-
ponents and tools (lasers, detectors, connectors, etc.) used in
multimode-based systems are substantially cheaper than those
used in single-mode systems, which reduces the overall cost
of the system, especialy in access networks and local area
networks (LANS).

System cost is not only sometimes the primary factor when
designing a fiber-based system, but it also establishes the bit
rate through the optical fiber. As a matter of fact, the demand
for low-cost high-bandwidth communications in short and
medium distances from different sectors of society is contin-
uously increasing. Optical fibers made of polymer [plastic
optical fibers (POFs)] have become increasingly popular due
to their growing utility [1], [2]. Recently, they have found an
application as a high-bandwidth communication medium for
short distances, thanks to successive improvements in their
physical properties [3]5].

Optical fiber bandwidth, which limits the data transmission
speed [6], isgreatly influenced by differential mode attenuation
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[7] as well as by mode-coupling effects [8]. The strong mode
coupling observed in step-index optical fibers (SI-OF) reduces
modal dispersion, and leads to a square-root dependence of the
bandwidth on the fiber length instead of the expected linear de-
pendence if mode coupling did not occur [9]. Because of thein-
fluence that mode coupling has on fiber bandwidth and on other
related properties of optical fibers, it becomes necessary to have
methods to obtain the rate of mode coupling in optical fibers
[10].

To give a qualitative account of the mode coupling rate, that
is, of the power transfer occurring between modes, the coupling
coefficient is considered [11]-{14]. This coefficient measures,
inreal optical fibers, the mode-coupling rate owing to fiber im-
purities and inhomogeneities introduced during their manufac-
turing process, or to external factors such as external bends.

The method proposed by Gambling et al. has been consid-
ered by many authors [15] to calculate the mode conversion
coefficient D from Gloge's coupled-power flow equation [16],
[17]. The method is quite simple, but it involves observing the
far-field output pattern for various fiber lengths at different
launching angles, which must be accurately measured [10].

The present paper offers an alternative method to that pro-
posed by Gambling et al. We show that the mode conversion
coefficient 1> can be obtained from the observation of the
far-field output pattern over a fixed length of optical fiber
as the angle of incidence of a narrow laser beam changes.
The results of the proposed method have been tested with
MegaEska POFs,t athough the method is suitable for any
kind of SI multimode optical fiber.

The structure of the paper is as follows. First, a theoretica
background is presented, which is necessary to understand the
basis of the method, which is explained afterwards. Then, the
experimental setup is explicated, to follow with the application
of the method to multimode plastic optical fibers. The results
obtained for these optical fibersare discussed. Finally, wefinish
by giving the main conclusions derived from the method.

II. THEORY

Our starting point is Gloge's coupled-power flow equation,
assuming that, in a multimode optical fiber, mode coupling oc-
curs primarily between the nearest neighboring modes. We have

or9, z) a D 9 or
—a, = AGP(9,2)+909<9, ) (1)

1From Mitsubishi Rayon Co. Ltd. [Online] Available: http://www.mrc.co.jp/
english/.
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where

P(f, z) power distribution in the fiber;

D mode conversion coefficient;

A second order multiplicative factor in the series ex-
pansion of the power loss coefficient;

o a(f) = ag + A% + - -,

A solution for the differential equation can be found by using
the variabl e separation technique. The result is the following:

Pla, )= 3 KuLn(o)exp(—1/22) exp(—1z) ()

n=0

where z = (A/D)?0'/2, L,,(x) are Laguerre polynomials, ~,,
is defined as v, = 2(2n + 1)(AD)Y2, and the expansion co-
efficient K, is determined from the input conditions. Now we
consider the special case of a plane wave launched at an angle
6o with the fiber axis (zg = (A/D)Y/263). For this power dis-
tribution, P(x, 0) is the Dirac delta function 8(z — o). This
launching condition, combined with the orthogonal relationsfor
the Laguerre polynomials, enables us to obtain a convenient ex-
pression for the output power distribution [10]

B g+ 1 1+ exp(—bz)
Pla, z) = exp <_ 2 1—exp(—bz)

(SR [P epC1/2))

©)
where b = 4(AD)"/? and I, is the modified Bessel function of
order zero.
In order to illustrate the basis of the method, we consider
a fixed fiber length I.. At the fiber input, we launch a plane
wave making an angle #y; with thefiber axis. The output power
distribution is depicted in Fig. 1. Now we consider the same
input plane wave, but at a different launching angle 8y. The
new output power distribution is also depicted in Fig. 1. Ascan
be seen from the figure, both curvesintersect at the output angle
0. This condition is set in the following equality:

P(SCOh L) = P(x027 L) (4)
or, equivaently

Plaor, L) = exp < 2 1 —exp(—bL)

[ (4orzoe)/? exp(—1/2bL)]
i 1 —exp(—bl)

B g2 1+ exp(—bL)

e <_T 1- exp(—bL))

[ (4zoazoe)/? exp(—1/2bL)]
i 1 —exp(—bl) |
= P(zo2, L). ®)

(ADYY? and

_ Zo 1+ exp(—bL))

XIO

XIO

If we define the new variables v =
u = (A/D)'/*, (5) can be rewritten as

’11,29%1 ’11,2901906
— th(2vl) ) Iy | ————
P < 2 (2v )) 0 Linh(QvL)}

u262, 400260,
= exp <— 5 COth(z’UL)) IO [W} . (6)
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Fig. 1. Output angular power distributionsfor afixed length of fiber L = 3 m
and two launching anglesfy; = 16.5° and 8y, = 21.5°, derived from Gloge's
coupled-power flow equation.

Considering that 6y1, 692, 0y, and L are experimentally mea-
surable quantities, there are only two unknowns: « and v. Thus,
we need another equation to be able to find the values of the
variables « and v. For this purpose, we notice that the transi-
tion occurring at the output angular power distribution from a
ring-shaped pattern into a disk-shaped pattern takes place at an
angle 4y, obtained from the following condition [10]:

52
PPOD o 4 g o

This criterion applied to the power distribution given by (3)
leads to

/2
iy [1—exp[=8(AD)' /1] }1
(4/D)'bom = { 2exp[—4(AD)/2L] ®
or
1~
u = o sinh(4vL). (9)

If we now substitute this expression for « in (6), we obtain
2
exp <— <:ﬂ) COShZ(Z’UL)> x Iy [2 <9
Om
_ B2 \*
=exp| —| — ) cosh™(2v[)
aOm

x Ty {2(9(;22906)cosh(211ﬂ)} .

om

012906) COSh(Z’UL):|
60m

(10)

We finaly define the dimensionless quantities /y =
(901/90m)2, I = (902/90771,)21 my = (90190c)/93m and
ma = (6o26o.)/603,,, and the variable w = cosh(2vL). Then,
(10) yields

exp (—l1 wz) Io[2myw] = exp (—lng) I[2mow]  (11)

where [y, 2, my, and ms are experimentally obtainable quanti-
ties. Thus, if we calculate w numerically from the above equa-
tion, we can obtain « and v by using the following relations:

v = —arccoshw

2L

1
w=— 2(w2—1)1/2w.

for (12)
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Fig. 2. Experimental setup for the determination of the transition angle
60 and the angle 6. corresponding to the intersection point between two
output angular power distributions. BS—beam splitter. R.PD—reference
photodetector. S.PD—signa photodetector. RS—rotating stage. LD—Iaser
driver. R.M—reference multimeter. SM—signal multimeter. C—compulter.

It should be noted that this method does not make use of any
approximation, and not even to determine « and v: they can
be calculated from their definition. However, if we assume that
2vl < 1, we can expand cosh(2vL) in a Taylor series, and
write v as follows:

(13)

This Taylor series expansion proves justified once we obtain
the results.

From « and v, the coefficients A and D> are calculated by
means of the following expressions:

A=u’n, D=—. (14)
U

The exposed method completely determines A and D if we
measure the transition angle 6,,,, between two output angular
power distributions corresponding to the launching angles 8y¢
and Bos.

I1l. EXPERIMENT

Fig. 2 shows the experimental setup employed to calculate
the parameters required by the method.

A 543-nm-wavelength He—Ne laser is used to launch the
plane waves. The laser beam crosses a beam splitter in order
to obtain a reference signal and cancel the laser light intensity
fluctuations. One of the two light beams impinges on the
fiber input face at an angle 6y. The light that exits the POF
is collected by an automatic rotating silicon photodetector
whose active area is 0.12 mm?, moving in the range of angles
—30° < # < 30°, and placed approximately 3.1 cm away from
the POF output.

The fiber input end stands on a rotatory stage in order
to control the incidence angle. Two multimeters, attached to
the reference and signal detectors, send their measurements
to a computer, which stores all the data in a file for further
processing. The process described here is fully automated.

IV. RESULTS AND DISCUSSION

We have applied this method to a sample of Eska Premier
plastic optical fiber of length L = 3 m (Mitsubishi Rayon;
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Fig. 3. Experimental output angular power distributions for the launching
anglesf, = 5.5° and 6§, = 6.5°. The transition from aring-shaped pattern to
a disk-shaped pattern occurs at 8, = 5.5°.
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Fig. 4. Comparison between the output power distributions obtained from
Gloge's model (continuous lines) and the experimental ones (square and
triangular data points). The output power distributions correspond to the input
anglesfy; = 16° and 6y, = 21.5°.

deore = 0.98 MM, n.oe = 1.492, NA = 0.5), athough the
method can be applied to any fiber length. We prefer to use
fiber lengths that can be maintained straight in the experimental
setup to avoid the introduction of additional mode coupling
as a consequence of winding the fibers around reels. Using
the experimental setup described above, several measurements
were carried out at different input angles to determine both
the transition angle 6y, and the angle 6. corresponding
to the intersection point between two output angular power
distributions.

For the considered POF and fiber length, the transition in the
output angular power distribution from aring-shaped pattern to
a disk-shaped pattern happens approximately at an input angle
of 8y,, = 5.5° (Fig. 3). For input anglesjust abovethetransition
angle, the output power distribution is a double-peaked curve,
as can be seenin Fig. 3 for an input angle of 6, = 6.5°.

Fig. 4 represents the output power distributions for the input
angles 8y; = 16° (sguare data points) and 6y, = 21.5° (trian-
gular data points), although the choice of the input anglesis ar-
bitrary. The intersection point between both curves, which have
been read out directly from the data, occurs approximately at an
output angle of 19.5° (fy. = 19.5°).

From this experimental data, we calculate !y, I, my and m>
(l1 = 8.46, I = 15.28, m1 = 10.31, mo = 13.869) and, after
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Fig. 5. Graphical representation of the Fresnel scalar transmission coefficient
at the air-core interface as a function of the incidence angle. Small changesin
the coefficient are observed in therange from o1 = 16° (I¥resnar = 0.9567)
t0 8oz = 21.5° (Trresna = 0.9529).

having solved (11) numerically, we find the following solution
for the coefficients A and D (wavelength of light =543 nm):

A=137radm, ~ D=7510"*rad’/m.  (15)

In the calculations, we have neglected the dependence of the
Fresnel transmission coefficient on the incidence angle at the
input face of the fiber. Thus, we have not considered a possible
correction factor for theinput power distribution within thefiber
core which, for each incidence angle, accounts for the Fresnel
reflection occurring on the fiber input face. Thissmall neglect is
justified from Fig. 5, which showsthe dependence of the Fresnel
transmission coefficient (Tresner) ON theincidence angle when
no polarization dependence exists (scalar approximation). For
theinput angle of 16°, the Fresnel coefficient is0.9567, whereas
for theinput angle of 21.5°, it is0.9529. Thus, both coefficients
are approximately the same, and therefore the power that pene-
trates into the fiber core is the same as well; this fact holds true
provided that the area covered by the laser beam is smaller than
that of the fiber core for both input angles.

If the laser beam completely covers the fiber core, then the
power coupled into the fiber depends on the launching angle.
To take it into account, we have to consider a correction factor.
For this purpose, let Fy; be the power that penetrates into the
fiber corewhentheinput angleisfy; and Py2 betheinput power
within the fiber core when the input angleis 6. We now define
the dimensionless quantity K = Py /Py2. Then (4) turns out to
be

K exp(—liw*) Io[2miw] = exp(—lyw®)Ig[2mow].  (16)
Note that if the power coupled into the fiber core does not
change for two different launching angles, then Fy; = Fyp2 and
K =1, sowerecover (11). K isequa to cos 6y / cos fga pro-
vided that the incident beam is an infinite uniform plane wave.
However, the TEMgo mode of our laser beam has a Gaussian
power distribution, so the relation between Py and P2 is hot
so simple. Thus, in order to numerically solve (16), we need
to determine K experimentally. This can be done by taking
two fixed launching angles (fg; = 16° and fy2 = 21.5° in our
case) into a short length of optical fiber, and by measuring the

output power in both cases. In our measurements, K turned
outto be 1.15 (K = Pig 50 / P21 50 ). These two measurements
were also made over the fiber under test (. = 3 m), and the
same result was obtained for K.

However, small deviations between the input angle 8, and
the real one may happen, mainly because the input fiber surface
does not remain perpendicul ar to the fiber axis. And in the same
manner, the values of the parameters 6., 8o, and K consid-
ered may also deviate from their real values. In such a case, it
would be interesting to study the stability of the coefficients A
and D when small deviations of the parameters 6y1, o2, foec,
Ao, and K are considered around the values used to calculate
the solution given by (15). In doing so, we take one of the pa-
rameters as a variable, maintaining the rest fixed.

Each data set in Figs. 6 and 7 show the behavior of D and
A, respectively, for small changes of one of the parameters. The
representation of each data setismade at those pointswhere (16)
has a physical solution, namely at those points where w > 1.
Thisisthe reason for having different plotting ranges from one
data set to another. In the case of the coefficient 4, we can ob-
serve its linear dependence with the relative shift (o + da)/c
of the parameters but, from the figure, the lack of stability of
the coefficient isevident. If we now consider the behavior of the
mode conversion coefficient D for small shiftsof the parameters
Bo1, o2, Boc, Bor, and K, the dependence is also approximately
linear, but in this case, the dopes of the straight lines fitting the
data sets are quite small. Thus, in the case of the mode conver-
sion coefficient D, we can conclude that the parameter is stable.
This behavior of the coefficients A and D is derived from error
calculus. For this purpose, let us consider the expressions of A
and D as afunction of the parameters 6y,,, and w

2
_ 65, arccoshw

D= J0m ST
AL wyw? —1
1
A= P I wy/ w? — larccoshw. a7)
om

The parameter w, which has been calculated numerically, de-
pendson 6y, 8o, Gom, Boe, and K. The error associated with A
and D can be calculated according to the following expressions:

aD 2 /8D 2
AD = A A
¢<090m Hom) +<0w w)
oA

2 2
oA
AA= ¢ < T AGOm) + <% Aw) (18)

where A8y, is the error associated with the measurement of
the transition angle, and the error Aw associated with w can be
calculated by means of the following formula:

5 S 2
Aw = Z <00£i Aai)
i=1 3

where Aq; isthe error associated with the parameter o; (ar =
Oo1; o = Gpo; a3 = Bpn; g = Oge; a5 = K) Note that
Aby = AbBy; = Abys, that is, the error committed when mea-
suring the input angle is independent of the input angle. The

(19)
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partial derivativesin (19) are estimated from the numerical so-
lution of (16). By considering that the error committed when
measuring the input angle and the transition angleis of 0.5° and
that the error of therest of parametersis on the order of five per
cent (Ac; /ar; = 0.05,7 = 4, 5), thentheerror estimations AD
and A A are found to be

AD =1.4x10"*rad®/m™!

AA =5rad/m (20
which give account of therelatively constant value of 1> and the
instability of the coefficient A.

Once we have determined A and D from (14), we can build
the theoretical output power distribution corresponding to the
input angle ¢y by using (3), and graphically compare this result
with that obtained experimentally. Fig. 4 shows the theoretical
curves compared with the experimental onesfor theinput angles
of 16° (Apr = 16°) and 21.5° (Hpe = 21.5°). The agreement is
quite good, especially in the region of the peaks, as can be seen
from the figure.

The main advantage of the method, in contrast to that pro-
posed by Gambling et al., isthat the experimental measurements
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can be made over any length of fiber, while they do not need
a high accuracy in the parameters involved. In fact, both long
fiber lengths and the polishing conditions of the end faces have
a negative influence on the results derived from the method by
Gambling et al.: long fibersin the laboratory are wound around
reels, and this may introduce additional mode coupling due to
the bending of thefiber. In addition tothis, the experimental con-
ditions, and, especialy, the polishing conditions are variable,
since successive shorter lengths of the same fiber are required
in order to determine the dependence of the transition angle 8y,
on length [10]. Asaconsequence, in the method by Gambling et
al., identical conditions are not obtained, and this may result in
accumulative errors, especially those derived from the polishing
conditions. Instead, those problems are not encountered in the
method proposed in this paper, since the fiber does not need to
be cut repeatedly, no matter itslength, so the experimental con-
ditions remain the same in the whole experiment.

Our method does not make use of any approximation. It only
assumes, as the starting point, Gloge's coupled-power flow
equation and all the assumptions involved in it. The method
enablesthe determination of both A and D, although the coeffi-
cient A isquite sensitiveto small variations in the experimental
parameters, such as the input angle 8, or the transition angle
Bom; thus, as happens with the method by Gambling et al.,
our method is not appropriate for determining A unless very
exact experimental measurements are carried out. However, as
explained before, the mode conversion coefficient D is quite
insensitive to these small variations.

V. CONCLUSION

A simple method is proposed for the determination of the
mode conversion coefficients for SI multimode optical fibers at
the desired light wavelength, as an alternative to that proposed
by Gambling et al.. It requires both measuring the far-field
output pattern at the transition angle over a short fiber sample,
and two additional far-field output patterns corresponding to two
different launching angles, in order to determinetheintersection
point between them. The method assures the stability of the
mode conversion coefficient 0 to small variations of the
experimental parameters around their real values. The method
has been successfully tested on multimode POFs (Eska Premier
fiber from Mitsubishi Co.). The results obtained from the
method in this particular case and for A = 543 nm are D =
7.50 10~ *rad?/m and an estimated error of 1.4 10~* rad?/m.
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