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Abstract: We present a novel polarization alignment technique based on windowed Fourier-
transform (WFT) spectral interferometry to determine the wavelength-dependent orientation
of the principal polarization axes of photonic crystal fibers (PCFs). To test the technique, a
commercially available, 82.5-cm-long HC-800-02 type hollow-core PCF was measured. The
angles belonging to the fast and the slow principal axes of the fiber were determined from the
peak intensity values of the ridges in the WFT map at different wavelengths. We demonstrate
that the orientation of the principal polarization axes of the tested PCF is wavelength-dependent.
The precision of the angle measurement was better than 0.3°.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Polarization maintaining fibers (PMFs) have become widespread in coherent optical commu-
nication, optical fiber interferometry and sensing as well. PMFs can only maintain the linear
state of the polarization if the linearly polarized light is launched into the fiber along one of
its principal axes precisely. Even a small angular misalignment may cause polarization mode
dispersion and crosstalk. Therefore, the precise measurement of the orientation of the principal
axes is important for every application involving light coupling and fiber splicing procedures.
Several polarization alignment methods have been developed in the last decades for highly

birefringent fibers and PMFs. The simplest ones are based on the direct observation of the fiber
ends using a microscope [1], a CCD camera [2,3] or a polarization alignment instrument that
is specially developed for PANDA type PMFs [4]. There are more precise methods, based on
monitoring the change in the phase difference between the polarization modes, which rely on the
rotation of the polarization plane of the light beam [5] or the rotation of the fiber itself [6]. Other
techniques combine the rotation with external perturbations of the fiber, which are often achieved
by heating [7–11], applying transversal stress [12], pressure [13] or with a frequency-tunable
laser [14,15]. Interferometric methods employing a Michelson-interferometer [16] or a fiber
interferometer [17] are also used especially for alignment during fiber splicing. Comparing the
precision of the methods above, we found that the direct observation of the fiber ends usually
results in 1° or 2° misalignment. The precision of methods based on monitoring the change in the
phase difference varies typically between 0.2° and 1° in the case of those relying on the rotation
of the polarization plane or the fiber, while the ones based on the combination of the rotation and
perturbations have a precision of 0.1°-0.5°. The most precise technique is the interferometric one
with 0.09°.

These methods are suitable for measuring the orientation of the principal axes, nevertheless
the majority of these use wavelength-independent detection or only monochromatic light sources,
thus the wavelength-dependent orientation of the principal axes has not been investigated by these
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techniques. However, the knowledge of the wavelength-dependent orientation of the principal
axes is essential in the ultrafast technology where laser pulses having very broad spectra are sent
through birefringent optical fibers. In this case, the simultaneous excitation of the orthogonal
polarization modes of the fiber can be induced by the inaccurate angular alignment of the principal
axes at different wavelengths of the laser pulses. The effect of dispersive orientation of the
principal axes is also important in the telecommunication, where even a small misalignment at a
given wavelength can cause crosstalk [7].
Tarnowski et al. fabricated a specially designed side-hole fiber having a tilted elliptical core

with a slow axis that had dispersive orientation, meaning that its angle was wavelength-dependent
[18]. They also used a polarization alignment technique employing a polarizer and an analyzer
and examined its wavelength-dependence with an optical spectrum analyzer. The precision of
their measurements was about 1°.

With the appearance of hollow-core photonic crystal fibers (HC-PCFs), it has become possible
to modify the fiber structure within certain limits according to the requirements of the application.
Nevertheless, slight changes in the structure that affect the optical properties can be expected
after manufacturing. Hence, it would be important to develop a precise polarization alignment
technique for fiber diagnostic measurements and to examine the wavelength-dependence of
the angular position of the polarization axes. Previously, we successfully used the windowed
Fourier-transform (WFT) method to measure the chromatic dispersion of a HC-PCF [19].
In this work, we present a new polarization alignment method also based on WFT spectral

interferometry, which is suitable for measuring the wavelength-dependence of the orientation of
the principal axes of PCFs. The method was tested on a commercially available HC-PCF.

2. Experimental setup

The experimental setup, as depicted in Fig. 1, was based on a combination of a Mach-Zehnder
interferometer and a high-resolution spectrometer (spectral range: 710-890 nm, spectral resolution:
0.2 nm). The interferometer was illuminated by a Ti:Sapphire laser oscillator producing pulses of
6 fs at 800 nm, having spectral bandwidth of about 150 nm. A polarizer with vertical transmission
axis (P1, spectral range: 650-2000 nm) was in front of the input beam splitter cube of the
interferometer to ensure the purity of the vertical linear polarization state of the laser pulses. The
optical fiber to be tested, an 82.5-cm-long birefringent HC- PCF (HC-800-02, NKT Photonics)
[20] was placed in the sample arm of the interferometer. The laser pulses were coupled into the
fiber by a NIR achromatic lens (L1) with a focal length of 30 mm, while the pulses coming out of
the fiber were collimated by a 19.0-mm-focal-length NIR achromatic lens (L2).

Fig. 1. Experimental setup.

The extent of the excitation of the fast and the slow polarization modes of the fiber was adjusted
by an achromatic half-wave plate (HWP, spectral range: 690-1200 nm) before the fiber. Another
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polarizer P2, similar to P1, set with vertical transmission axis, was put after the fiber in the
sample arm. A delay unit used in the reference arm allows to adjust the time delay between the
sample and the reference pulses.

3. Method

To determine the orientation of the principal axes of the HC-PCF spectral interferograms produced
by the interference of the two sample pulses propagating along the principal axes and the reference
pulses are studied. Note, that in our arrangement the orientation of the fast (β) polarization axis
of the fiber is fixed to the laboratory x-y coordinate system [Fig. 2]. α denotes the angle of
the polarization plane of the sample pulse to be launched into the fiber. The transmission axes
of polarizers P1 and P2 were parallel to the y-axis of the coordinate system during the entire
measurement. The precise adjustment of the polarization axes of the fiber was not required.
However, we got interference fringes with high visibility if the angle between the transmission
axes of the polarizers and one of the principal axes was about 30°-45°. The extent of the excitation
of a given polarization mode depends on the angle of the polarization plane of the input sample
pulse α, which can be varied by the HWP over the entire 360° range at a fixed time delay between
the sample and reference pulses. Spectrally resolved interferograms were recorded at every α
angle.

Fig. 2. Orientation of the principal axes of the HC-PCF, the polarization plane of the laser
pulse to be launched into the fiber and the transmission axes of the polarizers with respect to
the laboratory frame (x-y coordinate system). E0 denotes the electric field of the sample
pulse before the fiber.

In the followings we will show how the wavelength-dependent orientation of the principal
axes of the fiber can be retrieved from the spectral interferograms using the WFT method. The
intensity distribution of a spectral interferogram can be written as

I(ω,α) = IR(ω) + IF(ω,α) + IS(ω,α) + 2
√
IR(ω)IF(ω,α) cos(φF(ω))+

+ 2
√
IR(ω)IS(ω,α) cos(φS(ω)) + 2

√
IF(ω,α)IS(ω,α) cos(φFS(ω)),

(1)

where IR is the intensity of the reference pulse and

IF(ω,α) = C1(ω)[1 + cos(2(α − β(ω)))]

IS(ω,α) = C2(ω)[1 − cos(2(α − β(ω)))]
(2)

are the intensities of the sample pulses propagating along the fast (F) and the slow (S) axes,
which are projected onto the transmission axis of P2. The functions C1(ω) and C2(ω) in Eq. (2)
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are given as
C1(ω) = I0(ω)cos2(β(ω))

2

C2(ω) = I0(ω)sin2(β(ω))
2 ,

(3)

where I0(ω) is the intensity of the sample pulse before the fiber. The fourth and fifth terms in
Eq. (1) express the interference between the reference pulse and the sample pulses propagating
along the fast or the slow axis, respectively, while the last term describes the interference between
the two sample pulses. φF , φS and φFS are the spectral phase differences between these interfering
pulses.
Equation (1) can be rewritten in complex notation

I(ω,α) = a(ω,α) +
∑
j

[bj(ω,α)
2

exp(iφj(ω)) +
bj(ω,α)

2
exp(−iφj(ω))

]
, (4)

where j = F, S,FS and
a(ω,α) = IR(ω) + IF(ω,α) + IS(ω,α)

bF(ω,α) = 2
√
IR(ω)IF(ω,α)

bS(ω,α) = 2
√
IR(ω)IS(ω,α)

bFS(ω,α) = 2
√
IF(ω,α)IS(ω,α).

(5)

As the first step of the evaluation, an inverse WFT is applied on the spectral interferogram given
by Eq. (4):

WI(Ω, t,α) =
∞∫

−∞

I(ω,α)g(ω −Ω) exp(iωt)dω, (6)

where

g(ω −Ω) = exp

[
−

(
ω −Ω

∆Ω

)2]
(7)

is a Gaussian window function, W is the central angular frequency and ∆Ω is the width of the
window function. Since a(ω,α) in Eq. (4) is a slowly varying function of ω its inverse windowed
Fourier-transform appears around t= 0. On the other hand, the bj(ω,α) functions, which contain
the important information about the intensities of the sample pulses, change rapidly with ω and
their inverse windowed Fourier-transform result in three traces on the (Ω, t) map both in the
positive and the negative time domains. Considering the traces appearing only in the positive
time domain, we get

WI
+(Ω, t,α) =

∑
j

∞∫
−∞

bj(ω,α)
2

g(ω −Ω) exp[iωt − iφj(ω)]dω. (8)

The width ∆Ω of the window function should be set to meet the following two requirements: in
the vicinity of Ω the amplitude of the fringes does not depend on ω

bj(ω,α) ≈ bj(Ω,α) (9)

and the spectral phase functions can be approximated by linear functions

φj(ω) ≈ φj(Ω) + φ
′
j (Ω)(ω −Ω), (10)

where φ′j denote the first derivative of the spectral phase with respect to the angular frequency ω
evaluated at Ω. By performing the integrations in Eq. (8) and using approximations given by
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Eqs. (9) and (10) we have

WI
+(Ω, t,α) =

∑
j

bj(Ω,α)
2

exp[−i(φj(Ω) −Ωt)]Gj(t − φ′j(Ω)), (11)

where Gj(t − φ′j (Ω)) denote the Gaussian temporal envelopes of the three traces appearing in the
(Ω, t) map. The ridges of the three traces are given by

tpj (Ω) = φ
′
j (Ω). (12)

By taking the absolute square of Eq. (11) and using Eq. (12) we obtain the shape of the ridges
which are formed by the intensity maxima belonging to the three traces

rj(Ω,α) = |WI
+(Ω, tpj (Ω),α)|

2 =
bj2(Ω,α)

4
. (13)

Note, that the multiplication terms having mixed indices are eliminated because the products of
their Gj(t − φ′j (Ω)) functions result in zero. Substituting Eqs. (2) and (5) into Eq. (13) yields

rF(Ω,α) = IR(Ω)C1(Ω)[1 + cos(2(α − β(Ω)))]

rS(Ω,α) = IR(Ω)C2(Ω)[1 − cos(2(α − β(Ω)))]

rFS(Ω,α) = C1(Ω)C2(Ω) 1−cos(4(α−β(Ω)))
2 .

(14)

Equation (14) gives the intensities of the three ridges at a given Ω that change cosinusoidally with
α. The initial phase angle of the cosine functions coincides with the angle of the fast principal
axis of the fiber. In this way the ridges given by Eq. (14) can be used to retrieve the orientation of
the principle axes. After determining the intensity of rF or rS ridges at every α, a cosine function
fit can be used to retrieve the orientation of the principal axes at a given Ω:

Fit1 = p0[1 + cos(2(α − p1))], (15)

where p0 denotes the amplitude of the cosine function and p1 corresponds to the angle of the
principal axis (β). Note, that the ridge rFS can also be used to determine the orientation of the
principal axes in the case when this ridge and the trace appearing at t= 0 do not overlap in time.
In this case, the cosine function fit can be applied according to the following expression:

Fit2 =
p0[1 − cos(4(α − p1))]

2
. (16)

4. Experimental results and discussion

We tested our polarization alignment method on a birefringent HC-PCF. The angle α was varied
in 2° steps over the range of 0-720° by rotating the achromatic HWP before the fiber by a
motorized precision rotation stage. It means that 360 spectral interferograms were recorded
during the measurement. This way more periods of the cosine function could be observed which
resulted in better precision of the data fitting.
The steps of the evaluation method are demonstrated using three spectral interferograms

recorded at specially chosen α angles. The first step of the method was to perform an inverse
windowed Fourier-transform on the interferograms. We set the width of the Gaussian-window
function to 8 THz, which resulted in sufficient spectral and time resolution. The WFT maps were
calculated over the spectral range of the laser pulse, that is between 2.1 and 2.6 PHz. Figure 3(a)
shows the first WFT map where α = 64◦. In this case we could observe only one trace, which
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arose from the slow mode, meaning that practically only this mode was excited. At the second
WFT map α was set to 109°. In this case three traces appeared. Beside the trace of the slow
mode, the trace of the fast mode and a third trace, originating from the differential group delay
φ′SF (DGD), could also be observed. This shows that both polarization modes were excited to a
similar extent [Fig. 3(b)]. When α = 154◦[Fig. 3(c)], we could see basically one trace again,
which arose from the fast mode.

Fig. 3. WFT maps when (a) the slow mode was excited the most (α = 64◦), (b) both
polarization modes were excited simultaneously (α = 109◦) and (c) the fast mode was
excited the most (α = 154◦). (d)-(f) Sections of the WFT maps taken at 2.355 PHz. (g)
Relative intensities of the ridges of the slow (green curve) and the fast (red curve) modes
and the DGD (blue curve) obtained at 2.355 PHz as a function of α.

The second step of the evaluation was to take a section of the WFT maps along the time axis
at a given angular frequency. In our case it was chosen to be 2.355 PHz corresponding to the
wavelength of 800 nm [Figs. 3(d)–3(f)]. Since the traces were well separated temporally in the
selected sections, the next step was to determine their intensity maxima.
After performing these steps on all the 360 interferograms we obtained the intensities of the

three ridges at a given angular frequency as a function of α [Fig. 3(g)]. The final step of the
evaluation was a cosine function fit to these data according to Eqs. (15) and (16) [Fig. 4].
The orientation of a given axis was retrieved using the p1 parameter of the cosine function

fit (see Eqs. (15) and (16)). This parameter provides the angle β directly. The angles obtained
for the fast axis were β = 153.74 ± 0.10◦, β = 153.80 ± 0.15◦ and β = 153.65 ± 0.03◦ from the
intensity curves of the ridges belonging to the fast polarization mode, the slow polarization mode
and the DGD, respectively. Note, that the precision of the measurements throughout the paper
was determined by repeating the measurements more times. Since the fast and slow axes are
orthogonal to each other, the angles of the slow axis are given by β + 90◦.
So far, the angle β has been retrieved only at one angular frequency. However, a WFT map

consists of sections belonging to multiple angular frequencies. Performing the evaluation of the
WFT maps at other frequencies corresponding to the wavelength range of 762 and 830 nm, we
were able to determine the dispersion of the orientation of the principal axes. As an example, in
Fig. 5 we can see how β depends on the wavelength.
If the fast axis of the HWP does not have wavelength-dependence, then the wavelength-

dependence of the fast and the slow polarization axes of the fiber can be determined directly by the
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Fig. 4. Relative intensities of the ridges of (a) the fast mode (red curve), (b) the slow mode
(green curve) and the DGD (blue curve) obtained at 2.355 PHz as a function of α and the
fitted cosine functions (black dashed curves).

Fig. 5. Angle β as a function of wavelength obtained from the intensity of the ridges
belonging to the fast mode (red symbols), the slow mode (green symbols) and the DGD
(blue symbols).

presented steps of the method. To test this hypothesis, we investigated the wavelength-dependence
of the fast axis azimuth angle (θ) of the HWP in two ways. Note, that θ corresponds to the
angle between the fast axis of the HWP and the y-axis of the laboratory coordinate system.
During these measurements, the fiber and the lenses were removed from the sample arm of
the interferometer. The polarizers and the HWP remained in the same place of the setup. The
transmission axes of the polarizers also remained vertical. The HWP was rotated again by 2°
steps over the range of 0-720°, i.e. α was varied during these measurements. In the first case 360
spectral interferograms were recorded at every α angle while the time delay was fixed between
the sample and the reference pulses. In the second case a commonly used intensity measurement
method [21] was used, meaning that only the spectrum of the sample pulse was recorded at every
α and the reference pulse was blocked.

The steps of the evaluation of the interferometric measurement were the same as in the case of
the principal axes measurement of the fiber and the intensity changes of the ridge were obtained



Research Article Vol. 28, No. 2 / 20 January 2020 / Optics Express 2163

between 762 nm and 830 nm. During the evaluation of the standard intensity measurement
sections were taken from all the 360 spectra of the sample pulse in the examined wavelength
range, thus, we got the intensity as a function of α at a given wavelength. In both cases, the cosine
function fit was also used to retrieve the fast axis azimuth angle of the HWP. As can be seen in
Fig. 6, θ shows wavelength-dependent behavior and it oscillates with an amplitude of 0.87° in the
examined wavelength range, affecting the results of the principal axes measurement of the fiber.
Therefore, the above obtained orientation of the fast axis of the fiber (β) must be corrected with
the fast axis azimuth angle of the HWP, that is βcorr = β − θ. The wavelength-dependence of
the fast axis of the HWP is probably caused by the misalignment of the polarization axes of the
crystalline quartz and the magnesium fluoride layers of the plate [22,23]. We note that a possible
error source of the presented method may be the imperfect retardation of the HWP that can
cause elliptic output polarization. However, the achromatic HWP used in our measurement has
negligible, approximately 0.055 rad variation in the retardation in the examined wavelength range
according to the manufacturer [24] in contrast to a zero-order wave plate. This small variation in
the retardation has no significant effect on the retrieval of the orientation of the polarization axes
of the fiber.

Fig. 6. Fast axis azimuth angle of the HWP as a function of wavelength retrieved from the
interferometric WFT polarization alignment method (black symbols) and from the standard
intensity measurement method (orange symbols).

As can be seen, the θ obtained from the interferometric WFT method and the standard intensity
measurement method are in a good agreement. This means that we validated our new polarization
alignment method with the standard method. The measurements of θ were repeated five times
and the precision was better than 0.05°.

The corrected angles (βcorr) of the fast axis of the HC-PCF are depicted in Fig. 7. The angles
obtained from the three ridges are in a good agreement over the scanned spectral range. We can
see that the orientation of the fast axis of the HC-PCF is also wavelength-dependent and the
difference between the maximal and the minimal angle of βcorr is about 2.3°. The principal axes
measurement of the fiber was repeated five times and the precision of the method was better than
0.3°. On the edge of the examined wavelength range, which is close to the operational range of
the fiber [20], the value of the error increased.
We note that temporal overlap may occur between the ridges of the polarization modes if

the DGD is too small. In this case the evaluation procedure described previously cannot be
performed. However, if we set the angle of the transmission axis of the second polarizer to be
approximately parallel to the fast or the slow axis, we get only one ridge. Rotating the plane of
the polarization of the input sample pulse over the range of 0-720° the orientation of the principal
axes can be retrieved with high precision regardless of the value of the DGD.
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Fig. 7. Angle of the fast axis corrected with the fast axis azimuth angle of the HWP as a
function of wavelength obtained from the intensity of the ridges belonging to the fast mode
(red symbols), the slow mode (green symbols) and the DGD (blue symbols).

5. Conclusions

We developed a novel technique based on spectral interferometry which is suitable for determining
the angles of the principal axes of birefringent fibers with high precision. Since windowed
Fourier-transform is applied for evaluating the spectral interferograms, the method allows to
retrieve the wavelength-dependence of the orientation of the principal axes as well. By testing
this method, we showed that a commercially available, HC-PCF could also have principal axis
dispersion. The precision of the wavelength-dependent angle measurement of the axes was better
than 0.3°.

Our evaluation method was verified with a standard alignment method, which can be used for
wave plates only.
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