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Introduction

ince the first single-material optical fiber was demon-
trated in the 1970s,1 microstructured optical fiber �MOF�
as attracted much research interest worldwide.2 Taking ad-
antage of the air holes in the fiber cladding, the micro-
tructure has been incorporated in many fiber devices based
n mode coupling, such as long-period gratings,3 fiber
ragg gratings,4 fused couplers,5 and multicore fibers.6

mong these fiber devices, a multicore fiber can be ob-
ained by using multiple solid rods as defects in the capil-
ary stack-and-draw fabrication process. For twin-core

OF, much work has been done on the numerical calcula-
ion of beat lengths.7–9 In Ref. 7, two designs of twin-core

OF were theoretically analyzed. However, the experi-
ental confirmations remain sparse.8,9 In Ref. 9, the wave-

ength dependence of the coupling effects could not be de-
ermined directly from the experiment. The incoherence of
he white light source degrades the periodic pattern in the
ransmission spectrum. Therefore the measured results
ould only be used for point-by-point verification of the
imulations. Furthermore, the fiber cores have a strong
symmetry, which is not desired for a twin-core fiber in
eneral applications. In this paper, we determine the wave-
ength dependence of the coupling directly from the peri-
dic output spectrum. At the same time, the relationship of
he coupling coefficient, its dispersion, and structure pa-
ameters �air-filling fraction and core-to-core separation� is
nvestigated both theoretically and experimentally.
091-3286/2007/$25.00 © 2007 SPIE
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2 Theoretical Analysis of Supermodes in Twin-
Core Microstructured Polymer Optical Fiber

In order to study the characteristics of coupling between the
guided modes in a twin-core MOF, we have fabricated two
types of twin-core microstructured polymer optical fibers
�mPOFs� as shown in Fig. 1. Unlike silica MOFs, which
are generally fabricated by stacking capillaries to form the
microstructure, the pattern in an mPOF is drilled into a
preform, followed by a fiber-drawing process.10 After fab-
rication, the single-mode nature of the individual cores in
the fibers was confirmed from a wavelength of 633 nm
upward.9

In case of the twin-core mPOF structures as shown in

Fig. 1 Scanning electron micrograph of twin-core microstructured
polymer optical fiber �mPOF�: �a� structure A: �=2.3 �m, d

�
=0.8 �m, S= 3�; �b� structure B: �=2.5 �m, d=1.4 �m, S=3�.
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ig. 1, � is the hole-to-hole lattice distance, d is the air-
ole diameter, and S is the separation between the centers
f two cores. The light energy is expected to switch be-
ween the identical cores in a spatially periodic fashion.
he refractive index of background polymer material

PMMA� is calculated from the Sellmeier equation

2 = A1 − A2�2 +
A3

�2 −
A4

�4 +
A5

�6 −
A6

�8 ,

here

1 = 2.1864582,

2 = 2.4475348 � 10−4 �m−2,

3 = 1.4155787 � 10−2 �m2,

4 = 4.4329781 � 10−4 �m4,

5 = 7.7664259 � 10−5 �m6,

6 = 2.9936382 � 10−6 �m8.

The ratio of d to � can be designed to be very large,
roviding a large air-filling fraction. The effective index of
he microstructured cladding is a much stronger function of
avelength than for the case of a conventional fiber clad-
ing with a homogeneous material index, so the twin-core
aveguide is treated as a superstructure and the fundamen-

al modes are obtained from a full-vectorial plane-wave ex-
ansion method �PWM�.11 We only present a simple case
ere: the two separate cores are identical, lossless, and
onomode. Single-circular-core fiber has degenerate HE11

x

nd HE11
y modes. When we have two cores, the rotational

ymmetry of the twin core is broken. The x-polarized fun-
amental mode breaks into two modes: even HE11

x and odd
E11

x . When the two modes are in phase, the left core has
lmost zero energy due to destructive interference. Simi-
arly, if the two modes are in antiphase, the right core has
lmost zero energy. The effective indices of four different
odes are calculated for obtaining the beat length as shown

n Fig. 2�a�. It is obvious that the coupling coefficient is
nly slightly different for the x-polarized and y-polarized
odes. So polarization effects are neglected in this study

or simplicity. The beat length is obtained from the effec-
ive mode indices of one polarization:

c =
�

ne − no
, �1�

here Lc is the beat length, and ne and no are the effective
ndices of the even and odd modes, respectively. For a
win-core mPOF with air-hole spacing �=2.3 �m, air-hole
iameter d=0.8 �m, and core-to-core distance S=�3�,
hich corresponds to the fiber structure in Fig. 1�a�, the

alculated indices of the two polarizations are almost indis-
inguishable. The calculated beat length for x-polarized and

y-polarized modes is shown in Fig. 2�b�. The beat length Lc
9
as been shown to be of the form

ptical Engineering 075002-
Lc = C�−�, �2�

where C and � are two constants. Fitting the power func-
tion to the calculated results in Fig. 2�b� confirms Eq. �2�,
and we find that for structure A the relationship between the
beat length and wavelength is Lc

x=0.01037�−1.143, Lc
y

=0.01005�−1.184 for the two polarizations. Similar wave-
length dependent power functions were also calculated for
structure B, and the results are shown in Fig. 2�b�: Lc

x

=0.135�−0.622, Lc
y =0.133�−0.628.

Comparing these calculations, we observed that the con-
stant C for fiber A is one order larger than that for fiber B,
and the coefficient � is decreased by nearly a factor of two.
Clearly, the dramatic increase of the beat length for struc-
ture B is due to the larger separation of the two cores. By
varying the air-hole size of structure A from
0.95 to 0.8 �m, the corresponding beat-length dependence
on wavelength is found to be

d = 0.95 �m, Lc = 0.015�−1.23,

−1.15

Fig. 2 �a� Effective indices of the four supermodes in structure A.
�b� Theoretical Lc for both polarization modes of twin-core mPOF
structures A and B.
d = 0.90 �m, Lc = 0.013� ,
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= 0.85 �m, Lc = 0.011�−1.149,

= 0.80 �m, Lc = 0.010�−1.143.

We found that the beat length decreases greatly with
ven small changes of air-hole size. The power factor �
lso decreases, which indicates that the wavelength depen-
ence gets weaker with a decrease in air filling fraction.
ince the beat length is inversely proportional to the cou-
ling coefficient, we can conclude that for the same air-hole
rrangement structure, there appears to be a trade-off be-
ween the coupling coefficient and its wavelength depen-
ence. This trade-off is also observed between structure A
nd structure B but with same air-filling fractions, that is,
/� ratio. From the power function of wavelength depen-
ence, this indicates the application of our twin-core fiber
s a directional coupler.

Measurement of Beat Length
hen light is launched into one core, because the beat

ength is defined as the required fiber length for achieving
omplete power transfer from one core to another and back,
e have

= NLc��� = �N + 1�Lc�� + ��� , �3a�

here L is the fiber length, N=L /Lc��� is a real number,
nd �� is the wavelength spacing between adjacent minima
n the transmission spectrum from one core at the end of
he fiber. For �� /��1,

c�� + ��� � Lc��� + �� ·
dLc���

d�
. �3b�

rom Eq. �2�, we can derive

dLc���
d�

= − C · � ·
�−�

�
= − � ·

Lc

�
. �3c�

ubstituting Eqs. �3b� and �3c� into Eq. �3a�, we have

= � L

Lc
+ 1��Lc + �� ·

dLc���
d�

�
= L + Lc − ��� · � ·

Lc

�
�� L

Lc
+ 1� . �3d�

ince �� /��1 and L /Lc�1, we can get the relationship
etween the beat length and the wavelength spacing:

Lc

L
� � ·

��

�
. �4�

Mathematically, the beat length Lc and the wavelength
ependence factor � can be obtained with two different
ber lengths and the corresponding ��. Therefore, we may
easure the beat length and the corresponding wavelength

ependence by using a straightforward cutback method. A
roadband white light source was launched into only one
ore of the twin-core fiber by butt coupling to a supercon-
inuum source, which consisted of a Nd:YAG microchip
aser at 1064 nm �8.3 �J and 0.56 ns per pulse, at 7.14-kHz

epetition rate and 6-kW peak power, generating a broad

ptical Engineering 075002-
supercontinuum from 400 to 1600 nm� coupled into a sec-
tion of 20 m of highly nonlinear photonic crystal fiber
�HNL PCF� from Crystal Fibers �SC-5.0-1040�, with a
3.2-�m mode field diameter and a zero-dispersion wave-
length of �0=1040 nm. At the output port of the twin-core
fiber, the light from only one core was collected at an op-
tical spectrum analyzer by imaging the fiber end face with a
microscope objective and blocking the light from the other
core with a razor blade.

Theoretically, the polarization effects in the structure can
be neglected, since the beat lengths for the x- and
y-polarized modes are nearly identical for short wave-
lengths, as shown in Fig. 2. We have also tested the influ-
ence of polarization effects in the measurement by adding a

Fig. 3 Transmission spectrum from one of the two cores for mPOF:
�a� structure A; �b� structure B, at different fiber lengths of the same
fiber.
polarizer before the light enters the highly nonlinear fiber.

July 2007/Vol. 46�7�3
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he output transmission spectrum is not varied from the
ase without the polarizer. This confirms the prediction
rom the theoretical study.

The experimental results for both structures at different
ber lengths are shown in Fig. 3. The transmission spec-

rum from either one of the cores shows almost periodic
ransmission. This reflects the fact that for different wave-
engths an identical fiber length leads to a different phase
ifference between the two supermodes. The smaller air-
lling fractions and much closer core-to-core separation
	d /�
A=0.35, SA=�3� and 	d /�
B=0.56, SB=3�� has
esulted in a much shorter beat length for structure A than
or structure B.

The wavelength spacing of two nearest transmission
inima, ��, depends on the wavelength, indicating the de-

endence of the beat length on wavelength, as suggested by
q. �4�. From the measurements it is determined that by
utting back the twin-core mPOF A from 0.55 to 0.5 m and
hen to 0.363 m, the periodic wavelength spacing is in-
reased from 4.7 to 5.0 nm and then to 8.1 nm �near
40-nm wavelength�. This periodicity should be inversely
roportional to the length of the fiber, according to Eq. �4�.
his is confirmed by plotting the measured �� /� of struc-

ure A versus fiber length L as shown by the fitted solid line
n Fig. 4, which shows an inverse proportionality with a
hi-squared value R=0.9968. From the transmissions in
ig. 3, we determine the measured beat lengths at different
avelengths according to Eqs. �2� and �4�. The experimen-

al data points are plotted in Fig. 5�a�. When an automatic
ower-function fit in the form of Eq. �2� is used, the wave-
ength dependence of the beat length is found to be Lc
0.00384�−1.276 for fiber A. The value �=1.276 is reason-
bly close to the calculated values �x=1.143 and �y

1.184, but the uncertainty in � is quite large �44.3%�, due
o the large scatter in the experimental data. To show this,
e also perform a curve fit to these data with the calculated
alue of the coefficient � from Sec. 2. We use �=1.143 and
t Eq. �2� again with C as the fitting parameter, and a new

−1.143

ig. 4 Spacing-to-wavelength ratio ��� /�� is inversely proportional
o fiber length.
ower function Lc=0.00393� with an acceptable chi-

ptical Engineering 075002-
squared value �R=0.9177� is obtained as shown in Fig.
5�a�. The uncertainty in � would be mitigated by increasing
the wavelength range over which the beat lengths were
measured, but that recourse is limited by the usable trans-
mission window of the polymer fiber �from
500 to 900 nm�. The deviation between the simulation re-
sults �C=0.01� and the experimental data �C=0.00393� is
attributed to the extreme dependence of the beat length on
the air-filling fraction and the structure asymmetry.9 At the
same time, an approximation is utilized to average the pa-
rameter �, which is a drawback of our measurement as
compared with elasto-optic probe methods.12

When cutting the twin-core mPOF structure B from
0.895 to 0.685 m and then to 0.51 m, the inverse propor-
tional trend of wavelength spacing is not as obvious. The
chi-squared value of the dotted fitting curve in Fig. 4 is
0.7193. We believe the reason for this is that for fiber B, the
beat length is just under 10% of the fiber length �as op-
posed to about 1% for fiber A�, and as a result, the fringes
in the transmission spectrum have quite large spacing. This
results in a discrepancy from the prediction of Eq. �4�,
which relies on the assumption �� /��1.

The measured beat length variation with wavelength is
shown by the points in Fig. 5�b�. When an automatic power

Fig. 5 Measurements of the beat length for �a� mPOF A and �b�
mPOF B. The dashed curves are the fitting results with C and � as
free fitting parameters, and the solid curves with only C as the fitting
parameter.
function fit of the form of Eq. �2� is used, the wavelength

July 2007/Vol. 46�7�4
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ependence of the beat length is found to be Lc
0.0352�−0.581 for this fiber. This is in reasonable agree-
ent with the calculated result, �x=0.622 and �y =0.628,

or the wavelength dependence of the beat length of fiber
, though again the uncertainty is large �65.3%� due to

catter. Therefore we again fix the calculated value of � and
nd Lc=0.0346�−0.622 with R=0.827. As expected, the co-
fficient C is much larger than was found for structure A
C=0.00393�, because the coupling is much weaker. On
omparing the measured results of structures A and B, a
imilar trend of the trade-off between coupling coefficient
nd coupling-coefficient dispersion is observed to that in
he numerical simulations.

Conclusion
e have observed and studied the light coupling effects in

win-core mPOFs. Both theoretical modeling and experi-
ental measurements are reported for two different struc-

ures. The wavelength dependence of the intercore beat
ength is directly obtained from the spectrum. Within the
xperimental error, the measurement results show reason-
bly good agreement with the numerical simulations, espe-
ially when the structure has a short beat length.
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