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Abstract—A simple mechanical setup was used to polish a
standard single mode optical fiber in order to make it asymmetric.
The polished fiber was tapered down maintaining the D-shape
transversal profile. Its broken symmetry along with the extended
evanescent field, due to the dimensions of the microfiber, implies
a potentially high birefringent waveguide as well as a high-sensi-
tivity external refractive index device. An experimental maximum
sensitivity of nm/RIU was achieved,
other experimental and numerical results supporting our initial
assumptions are also presented.

Index Terms—Birefringence, microoptics, microsensors, optical
fiber sensors, sensitivity, sensors.

I. INTRODUCTION

O PTICAL fibers tinkered as birefringent waveguides are
widely used to maintain the polarization state or for

breaking the degeneracy of a propagation mode in telecom-
munications, nonlinear and sensing applications. All-solid
polarization maintaining optical fibers (PMF) are fabricated by
increasing the asymmetry (e.g., elliptical core fibers) to induce
a form birefringence or by introducing different materials at
opposite sides of the cladding to induce a stress birefringence.
In consequence, the effective refractive index inside the core
is different for the different polarization states, creating a high
birefringent waveguide. Also, photonic crystal fibers, optical
fibers surrounded by an array of airholes extending down the
fiber length, have demonstrated to be an order of magnitude
more birefringent than the all-solid PMF fibers [1], [2]. Their
geometrical richness enables a more accurate control of the
dispersion profile for both polarization states, albeit a more
complex fabrication process is needed in order to fabricate the
microstructure of air-holes inside the fiber cladding.
Recently, subwavelength diameter fibers (microfibers) have

been proposed as an appealing alternative for high birefringent
waveguiding and as a high sensitive solution due to their low
loss and high evanescent fields. By tapering down a rectan-
gular silica preform, high values have been reported for both,
group birefringence [3] and external refractive index sensitivi-
ties as high as nm/RIU [4]. But to obtain such tai-
lored preforms with a rectangular cladding may not be easy as
it implies all the inconveniences of the preform shaping and
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Fig. 1. (a) Experimental setup. A spinning cylinder, wrapped aroundwith sand-
paper, polishes the fiber fixed to a flat surface. (b) Optical microscopy image of
a polished fiber previous to the tapering process. Debris can be seen close to the
polished region. The polishing process typically lasted a few minutes.

the drawing process, while avoiding strain rounding effects.
As an alternative, a small extent of the cladding of a conven-
tional fiber could be casted into an oblong geometry and then
tapered into sub-wavelength dimensions, as it has been done by
laser-etching, reporting high values for group birefringence [5].
In this paper we describe a simple mechanical setup used to

polish standard single mode fibers (SMF-28) and taper them
down in order to obtain high birefringence and high sensitivity
in a D-shaped microfiber. Recently, a circular-symmetric mi-
crofiber isolated with a low index material all around except for
the sensing region has been proposed promising high sensitivity
[6]. In contrast, our proposal does not needs an extra isolation,
making it simpler and more robust. Also, since the fiber’s cross
section has infinite rotation and reflection symmetries, we be-
lieve the break of symmetry will induce a greater birefringence
in comparison with those obtained by breaking the finite sym-
metry of a squared preform. Even more, this could be achieved
without the experimental complexity implicit in the construc-
tion of a rectangular microfiber. At the same time, the fiber’s
pigtails are standard single mode fibers, keeping all the advan-
tages for low-loss fiber connectorization.
In what follows, the polishing method will be described in

detail, followed by the experimental measurements and the nu-
merical results obtained for phase and group birefringence and
external refractive index sensitivity. Finally, the results are dis-
cussed leading to the conclusions of this proposal.

II. EXPERIMENTAL METHODS

To cast a conventional fiber into a D-shape cross section
profile, the fiber was fixed on a flat surface and then polished
with a sandpaper (220 mesh) glued on the surface of a spinning
cylinder. Special care had to be taken as to avoid bumps on
the spinning surface, since that will result in an irregular pol-
ishing or, more probably, fracturing the fiber. Fig. 1(a) shows
a schematic diagram for the employed polishing setup. As
the fiber was polished, fiber cladding materials were partially
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Fig. 2. Numerical simulations for the group birefringence using different pol-
ishing depths ( , as shown in the legend) and air as the external refractive index.
The inset shows a schematic drawing of a polished fiber cross section, while the
diameter is the same as for a non-polished fiber.

removed, losing the circular symmetry of the fiber cross section
(Fig. 1(b)). As shown, a counterweight was used to balance the
weight of the spinning cylinder and avoid an excessive tensile
stress over the optical fiber. However, when the fiber is at its
nominal diameter ( m), the birefringence induced by
the broken symmetry is negligible since the light is confined
inside the core.
In order to obtain optical microfibers with high birefringence,

the polished fibers were tapered down using the flame brushing
technique [7]. In this technique, a well defined region of the fiber
has its dimensions decreased by a factor that can be chosen to
be up to 200 times. To perform the process, the fiber had its
extremities attached to two translation stages able to longitudi-
nally stretch the fiber. Besides, this technique employs a flame
(also connected to a translation stage) that oscillates below the
fiber in order to heat it, causing its viscosity to decrease. There-
fore, as the heated fiber was stretched, by mass conservation its
length increased as its diameter decreased.
Due to the narrow taper waist, light will no longer be confined

inside the core. Instead, light will be guided through the entire
cross section of the microfiber—including the cladding—as a
consequence of the refractive index difference between air and
silica. In addition, as a result of the D-microfiber’s cross section,
different effective indexes are obtained for both directions, par-
allel and perpendicular to the normal direction of the polished
region (as shown by the coordinate axes at the inset of Fig. 2).
Then, the degeneracy of the orthogonal states is broken, that is,
the microfiber is now birefringent.
The D-shape of the microfiber was maintained while the fiber

was tapered. Otherwise, the microfiber would no longer be bire-
fringent since the geometrical asymmetry is responsible for the
birefringence of the waveguide. As will be presented in the next
section, we performed measurements during the taper fabrica-
tion and observed interference due to the recombination of the
modes that traveled through the fiber with different polariza-
tions. Thus, as the interference can only happen if the fiber
is birefringent, one can infer that the D-shape was maintained
while the fiber was stretched.

Fig. 3. Numerical results for the phase birefringence using different pol-
ishing depths and air as the external material. The inset shows the derivative

as a function of the fiber’s diameter. For both graphs the color legend
is the same as in Fig. 2.

III. NUMERICAL AND EXPERIMENTAL RESULTS

Before tackling the simulation of the D-microfiber, the results
presented for group birefringence in [3] and sensitivity in [4]
were reproduced using a commercial finite-element software.
Furthermore, since the group birefringence,

(1)

depends on the derivative of the phase birefringence, , relative
to the wavelength, , special care had to be taken when calcu-
lating . An important source of error could arise if truncation
and roundoff errors are not considered, as for example, when
calculating the numerical derivative for fibers with a
small polishing depth. For this reason, a modal iterative Fourier
method [8] was used in order to cross-check our results. This
latter method incorporates an analytic procedure to calculate

, which let us calculate semi-analytically, avoiding
the implicit error when calculating the numerical derivatives [9].
Good resemblance between the results of both methods, and the
results reported by other authors validates our analysis.
The remainder of this section will present the results for the

group birefringence and the sensitivity for the external refrac-
tive index, , of the proposed D-microfiber. First, we will show
how this simple experimental proposal can attain ultra-high
birefringence values. Followed by the results obtained using
the D-microfiber as a highly sensitive device for detecting
variations in the outer refractive index. In both cases numerical
results and experimental measurements are presented for com-
parison and to show the high potential the D-microfiber has as
a high birefringent waveguide.
1) Group Birefringence: The group birefringence of the fun-

damental mode was studied as the fiber diameter decreases as in
the tapering process. As shown on the inset of Fig. 2, the fiber
cross section was approximated to a D-profile, although the pol-
ished region previous to the tapering process was not as regular
(see Fig. 1(b)). On Fig. 3, as expected, the phase birefringence
reaches a peak value when the light is well confined in the
direction and highly evanescent in direction. This same be-
havior was found for in Fig. 2, showing how by polishing
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Fig. 4. Transmittance spectra for a D-microfiber surrounded by air as the ta-
pering process reduced its nominal diameter. Notice how the FSR decreased as
the diameter was reduced and the taper stretched. For each spectra, the geomet-
rical parameters are as presented in Table I.

deeper—augmenting —higher values for the birefringence can
be attained. Maximum group birefringence of approximately

and were achieved for a 10 m and 40 m
polished fibers with a 0.75 m and 0.79 m diameter, respec-
tively. Notice also the sign of is determined by the relation
between and , as can be seen by comparing Figs. 2
and 3. The change of signal when crosses the horizontal axis

will have a crucial role in the next section, where we ex-
plore the properties of the D-microfiber as a sensing application.
The measurements for the group birefringence were done

using the wavelength-scanning method [10], where input light
polarized at 45 was filtered by a second polarizer with the same
orientation but at the output end resulting in an intensity periodic
pattern as shown in Fig. 4 for different taper lengths—geomet-
rical data concerning the fiber tapers whose spectra are shown
in Fig. 4 are presented in Table I. The group birefringence was
obtained using the expression,

(2)

where is the Free Spectral Range (FSR)—distance between
peaks—and is the extension of the birefringent waveguide.
We assumed that the taper waist acts as a birefringent fiber and
used its length as to estimate the group birefringence. Never-
theless, the polished region could be longer or shorter than the
taper waist. Then, some extent of the transition region between
the initial fiber and the taper waist may also be birefringent or
the polished region could be shorter than the taper length. Since
the determination of is a difficult task, we believe it is an im-
portant source of error concerning the experimental data. Also,
a maximum insertion loss of 5 dB was estimated for the fabri-
cated birefringent microfiber comparing the transmittance be-
tween the fiber at its nominal diameter and after the fiber was
tapered.
Apart the dependence of with the waveguide length, the ex-

ternal refractive index also plays an important role. As discussed
in the next section, the general trend as the external refractive
index increases, is a less confined optical field inside the fiber
core and, therefore, a decremented . In some configurations
—the fringe period or FSR—can be too long and difficult to

TABLE I
DIAMETER , TAPER LENGTH AND TRANSITION REGION LENGTH

FOR THE DIFFERENT TAPERED FIBERS USED IN FIG. 4

Fig. 5. Experimental results (colored marks) for the absolute value of using
different polishing times and air as the external material. Numerical results (col-
ored curves) are for the same fiber cross section as in Fig. 2, using and 5
m as polishing depths and represented as solid and dashed lines respectively.

be quantified, possible solutions include using optical sources
with broader band and/or longer taper waists.
Fig. 5 compares experimental and numerical results for the

absolute value of the group birefringence as a function of the
taper diameter. As shown in the upper legend, the different col-
ored markers represent fibers polished during different periods
of time, all of them have an approximately 2.5 cm long polished
section. The solid and dashed lines represent the birefringence
obtained for two ideal D-microfibers with different polishing
depths, 3 and 5 m respectively. One could observe that a cor-
rect behavior for the dependence of with was obtained.
Also, it can be estimated that the polishing depths of the ex-
perimental results were between 3 and 5 m as used on the nu-
merical analysis.
The behavior of the curves in Figs. 2 and 5 is better under-

stood in view of (1) and Fig. 3. As shown in Fig. 2, when is
higher than 2 m, becomes negative and a local critical value
is obtained. As can be seen in Fig. 3, for those values of , a low
valued together with a considerable makes the second
term in (1) prevails. For smaller values of , the phase birefrin-
gence is maximum when the diameter is close to the value of .
Close to this point, the derivative is negative and both
terms in (1) add up to reach a maximum value for . As ex-
pected, a final drop occurs—for both and —when the wave-
length exceeds the waveguide dimensions and the breakage of
the symmetry has almost no effect.
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Fig. 6. Transmittance peaks for a 4 m thick D-microfiber with different ex-
ternal refractive indexes represented as different concentrations of alcohol in
water, as shown in the legend. Taper and transition region length equal to

mm and mm, respectively.

The experimental values for the taper waist diameter
were calculated by using the expression reported by [7],

(3)

where is the original fiber diameter (125 m), is a constant
that takes into account the relative rates of flame oscillation and
the elongation of the taper, is the longitudinal displacement of
the translation stage to which the fiber is attached and is the
initial heated region length.
As the setup for producing the fiber taper was computer con-

trolled ( and were parameters set by the user and was
taken into account by observing the stages displacement), the
value was calculated during the taper fabrication process. Then,
the instantaneous diameter of the fiber taper waist is known. It
is important to analyze, however, that there may be errors con-
cerning the value, since the derivation of the expression pre-
sented above takes into account a cylindrically symmetric op-
tical fiber—what is not true for the side polished optical fibers.
Besides, as it is possible to know the instantaneous taper di-
ameter while the taper is produced, for the group birefringence
measurements as a function of the fiber diameter, it was not nec-
essary to take the taper out of the setup for takingmeasurements.
The fiber extremities were previously connected to a broadband
light source (superluminescent light emitting diode) and to an
optical spectrum analyzer; thus, while the taper fabrication was
running, the spectra could be recorded.
2) Sensitivity: The sensitivity, defined as the dependency of

the transmittance spectra with the external refractive index, was
experimentally measured in the same way as in [4]. That is,
on a transmittance graph (see Fig. 6), the displacement of the
peaks —due to the variation of the external refractive index

—were fitted to a line whose slope represents the sensi-
tivity, as shown in Fig. 7. The spectral position of the peak cen-
tered at nm was followed as the refractive index of
the external medium was varied. Selecting this particular value
for was by reason of a better defined peak at this wavelength.
In Fig. 6, the presented transmission spectra show how the

D-microfiber is sensitive to small additions of ethanol in water.

Fig. 7. Measurements of the peak displacements when varying the external
refractive index, as in Fig. 6. The slope of the linear fit is equivalent to the mea-
sured sensitivity, nm/RIU. Inset shows the transmission
spectra for a 4 m thick D-microfiber surrounded by air and ethanol.

A change of roughly 1% of the concentration implies a consid-
erable shift of the peak position, . In order to perform this
measurement, the fiber taper was carefully put in a box filled
with ethanol-water solutions with different concentrations, pro-
viding changes in the external refractive index.
The peaks displacements as a function of the external refrac-

tive index are represented in a vs. graph as in Fig. 7. Fi-
nally, the slope obtained from the linear fit (solid red line) gives
the experimental measurement of the sensitivity, , for a deter-
mined central wavelength and a external refractive index. Using
this method, a maximum sensitivity of nm/RIU
was obtained. This value for the sensitivity has the same mag-
nitude order as the one obtained by Jie Li et al. in [4].
The inset in Fig. 7 shows how the transmission spectrum

changes abruptly when the fiber taper was immersed in air
and in ethanol. This variation is explained by the fact that the
group birefringence was lower when the fiber was immersed in
a medium of higher refractive index. Also, it should be pointed
out that the wavelength bandwidths from measurements in
Fig. 4 differs from those in Figs. 6 and 7 as a reason of the
peak’s broadening when the fiber tapers were immersed in
water-ethanol solutions. As can be seen in Fig. 6, a 200 nm
optical window will be insufficient for the FSR measurement.
Also, at wavelengths above 1400 nm a low transmittance
was obtained due to water absorption. Thus, it was necessary
to change the wavelength bandwidth to perform the sensing
measurements.
The sensitivity can be defined as , that after an ex-

pansion around a small variation can be approximated as,

(4)

where is the vacuum wavelength at which and
were calculated. The external refractive indexes were es-
timated using the expression presented in [11]—for the refrac-
tive index of the mixture of two liquids—and the values of the
refractive index of alcohol and water, 1.359 and 1.333 respec-
tively [12].
From (4), it can be seen the sign of is determined by the di-

rection in which the peaks are shifted, being only of interest the
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Fig. 8. Results for the proposed external refractive index microsensor for
RIU and m. Colored marks represents the numer-

ical results for using different polishing depths, , as shown in the legend. A
polynomial fit is presented as solid lines to aid the eye. The experimental result
obtained for a D-microfiber, with approximately m and a diameter of

m, are represented by a gray rhombus and its error bar.

absolute value of . When the microfiber waist and the external
refractive index are related in a way that is close to zero, max-
imum values of are obtained. For that reason, to accurately
measure for low values of , one must obtain the longer fiber
taper possible, as it is supported by (2).
The numerical results obtained for the sensitivity are pre-

sented in Fig. 8, where colored marks represent the numerical
results and the solid colored lines are polynomial fits drawn to
aid the eye and show the tendency of the results. On the right
side of Fig. 8, the solid gray rhombus represents the experi-
mental measurement, nm/RIU. Both
numerical and experimental results were made using external
refractive indexes around RIU and wavelengths
around m.

IV. CONCLUSION

The D-microfiber has demonstrated to be a successful pro-
posal as an ultra-high birefringent waveguide as well as a
highly-sensitive external refractive index microsensor. Our
initial hypothesis can be confirmed by comparing the values
of the group birefringence for the D-microfiber with those of
the rectangular microfiber using the same diameters. A higher
was obtained by using similar dimensions while the D-mi-

crofiber uses a standard SMF-28 fiber avoiding the fabrication
of specially designed preforms. This also signifies a better
compatibility with other connectorized fiber components.
The D-microfiber is a viable proposal as high birefringence

can be achieved without polishing too deep. As shown in Fig. 2
a polishing depth of just 10 m will be enough to attain a bire-
fringence superior to . It can also be noticed a right shift
of the maxima of each curve as increases, this is due to the
different dimensions in the parallel ( axis) and transversal di-
rection ( axis) of the polished section. In other words, a deep
polished fiber needs to be less tapered to obtain a maximum ,
that is because the polarized field will be highly evanescent
much sooner—as decreases—than the polarized field. After
this maxima was attained, further reducing the taper dimensions

made both fields evanescent, the asymmetry of the waveguide
became irrelevant and therefore drops drastically.
Fig. 5 shows an agreement between the measured and the

simulations. Qualitatively, the same trends—the maxima, the
minima and the roots—of the function were observed for
both the numerical and experimental results. Discrepancy may
be caused by the approximation of the fiber profile to an ideal
D-shaped microfiber. Also, as already discussed, determining
the length of the tapered polished region as it appears in (2),
may be an important source of error.
On the other hand, in the case of the sensitivity, polishing too

deep can make the D-microfiber very brittle, at a point it can
be broken just by the superficial tension of the outer liquid. To
circumvent this drawback, it is possible to polish under 10 m
and select the appropriate taper diameter in order to make
close to zero. As it can be seen from (4), the point where
determines the diameter of the taper at which is boosted.
In that way, the polishing could be superficial and, at the same
time, attain values over nm/RIU for the sensitivity (Fig. 8).
Finally, as future perspectives, there is a need to improve our

experimental techniques in order to enhance the control of pa-
rameters such as and . This will improve the accuracy as well
as the reproducibility of our measures. It may also be interesting
to use this polishing technique with a doubly-clad fiber. In this
way, the inner clad will be exposed in one direction, while a
tight confinement will be present at the other direction.
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