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Abstract

Chromatic dispersion of polarization modes in short-length holey fibres is measured
by a spectral interferometric technique employing a broad-band supercontinuum
source. The technique utilizes a dispersion balanced Mach-Zehnder interferometer
with a fibre under test of known length inserted in one of the interferometer arms
and the other arm with adjustable path length. We record a series of spectral inter-
ferograms to measure the equalization wavelength as a function of the path length
difference, or equivalently the differential group index dispersion of the fibre. A
five-term power series fit is applied to the measured data to obtain the chromatic
dispersion over a broad spectral range (500–1600 nm). We measured by this tech-
nique the chromatic dispersion of polarization modes in four air-silica holey fibres
and revealed the dependence of the position of the zero-dispersion wavelength on
the geometrical parameters of the fibre.
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1 Introduction

The group index dispersion of optical fibres measured precisely over a broad
spectral range is an important characteristic playing a crucial role in research
areas such as high-speed optical transmission systems, broadband optical com-
munications and supercontinuum generation. The chromatic dispersion, which
can be obtained by simply differentiating the group index, is a significant
characteristic that affects the bandwidth of a high-speed optical transmission
system through pulse broadening and nonlinear optical distortion. Chromatic
dispersion of long-length optical fibres is determined by two widely used me-
thods [1]: the time-of-flight method, which measures relative temporal delays
for pulses at different wavelengths, and the modulation phase shift technique
[2], which measures the phase delay of a modulated signal as a function of
wavelength.

White-light interferometry employing a broadband source in combination with
a standard Michelson or a Mach-Zehnder interferometer [3] is considered as one
of the best tools for dispersion characterization of short-length optical fibres.
White-light interferometry usually utilizes a temporal method [4] or a spectral
method [5–13]. The spectral method is based on the observation of spectral
fringes in the vicinity of a stationary-phase point [5–12] or far from it [13].
Recently, a virtual reference spectral interferometric technique for measuring
chromatic dispersion of short-length fibres has been presented [14].

The feasibility of the interferometric techniques has been demonstrated in
measuring the dispersion of holey fibres (HFs) [15,16]. One of the most success-
ful applications of HFs, employing high effective nonlinearities and an excellent
control of chromatic dispersion with the zero-dispersion wavelength (ZDW) at
the operating wavelength of widely available mode-locked Ti:sapphire lasers,
is supercontinuum generation [17]. Endlessly single-mode [18] and highly-
birefringent [19,20] HFs for supercontinuum generation have also been de-
signed and fabricated with the ZDW close to a 1064 nm of a microchip laser,
enabling savings in size and cost. Moreover, a supercontinuum source has en-
abled dispersion measurement over a broad spectral range [16].

The aim of this paper is to present a substantially improved spectral-domain
interferometric technique, which allows us to measure chromatic dispersion
of pure silica highly birefringent HFs over a broad spectral range (500–1600
nm), including a precise determination of the ZDW. The technique employs a
broad-band supercontinuum source and a dispersion balanced Mach-Zehnder
interferometer (MZI). There is no need to calibrate the dispersion in the refer-
ence arm of the MZI so that this technique is more accurate in comparison with
that demonstrated in our previous paper [11]. Moreover, the supercontinuum
source substituting a halogen lamp used in our previous experiments [9,11,12]
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allows for a broad spectral range and less time consuming measurement of the
chromatic dispersion.

2 Experimental Method

Consider a dispersion balanced MZI as shown in Fig. 1 with a birefringent
fibre under test (FUT) of length z that supports two polarization modes over
a broad spectral range. The birefringent FUT with the effective phase indices
nx(λ) and ny(λ) is placed in the first (test) arm of the interferometer and the
other (reference) arm is with the adjustable path length L in the air. Next,
consider that the transmission azimuth of both the polarizer and the analyzer
is aligned parallel to the shorter polarization axis of the FUT, i.e., only the y-
polarization mode is guided by the FUT and its dispersion is measured in the
set-up. The group optical path difference (OPD) ∆g

MZ(λ) between the beams
in the MZI is given by

∆g
MZI(λ) = L− l −Ny(λ)z, (1)

where l is the path length in the air in the test arm of the MZI and Ny(λ) is
the group effective index of the y-polarization mode of the FUT, defined as

Ny(λ) = ny(λ)− λ
dny(λ)

dλ
. (2)

After recombining the beams at the output of the MZI, the spectral interfer-
ence fringes with the wavelength-dependent period are resolved. The interfer-
ence fringes of the largest period are located in the vicinity of a stationary-
phase point, satisfying the condition ∆g

MZ(λ0) = 0 at the equalization wave-
length λ0 [22]. This means that for the path length L = L(λ0) we obtain from
Eq. (1)

L(λ0) = Ny(λ0)z + l. (3)

If one of the equalization wavelengths, λ0r, is chosen as the reference one, the
path length difference ∆L(λ0) is given by

∆L(λ0) = ∆Ny(λ0)z, (4)

where ∆Ny(λ0) is the differential group index defined as

∆Ny(λ0) = Ny(λ0)−Ny(λ0r). (5)
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Therefore, measuring the path length difference ∆L(λ0) as a function of the
equalization wavelength λ0 and using Eq. (4), the dispersion of the differential
group index ∆Ny(λ0) of the y-polarization mode can be determined.

The chromatic dispersion Dy(λ) of the y-polarization mode of the FUT is
given by

Dy(λ) =
1

c

d[∆Ny(λ)]

dλ
, (6)

where ∆Ny(λ) is a Laurent polynomial fit of the measured wavelength depen-
dence of the differential group index ∆Ny(λ0) and c is the free-space velocity
of light.

Similarly, when the transmission azimuth of both the polarizer and the ana-
lyzer is aligned parallel to the longer polarization axis of the FUT, i.e., the
x-polarization mode is guided by the FUT, the chromatic dispersion Dx(λ) can
be measured in the set-up. Eventually, the results of measurement of the group
modal birefringence G(λ) = Nx(λ) − Ny(λ) by a method of spectral-domain
tandem interferometry [22] can be utilized.

Moreover, treating air-silica highly birefringent HFs, the measured group modal
birefringence G(λ) can be approximated as [21]

G(λ) = (1−m)ξλm, (7)

where ξ and m are constants. The chromatic-dispersion difference Dp(λ),
which is defined as

Dp(λ) = Dx(λ)−Dy(λ) =
1

c

d[G(λ)]

dλ
, (8)

can be approximated as

Dp(λ) = (1−m)mξλm−1/c. (9)

The chromatic dispersion Dx(λ) of the x-polarization mode is given as

Dx(λ) = Dp(λ) + Dy(λ). (10)

Thus, from the chromatic-dispersion difference Dp(λ) obtained from the mea-
sured group modal birefringence G(λ) we can deduce the chromatic dispersion
Dx(λ) of the x-polarization mode in the FUT when the chromatic dispersion
Dy(λ) of the y-polarization mode is known.
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3 Experimental set-up

The experimental set-up used to measure the chromatic dispersion of the y-
polarization mode in FUT is shown in Fig. 1. Light emitted from supercontin-
uum source SCS (SC450-4, Fianium) with a splitter (Splitter-900, Fianium)
and endlessly single-mode fibre ESMF (FDS-PCF, Fianium) passes through
collimating lens C and enters a bulk-optic Mach-Zehnder interferometer with
plate beam splitters BS1 and BS2 (BSW07, Thorlabs). The test arm of the
interferometer comprises objective MO1 (10×/0.30, Meopta), the FUT and
achromatic lens AL1 (74-ACR, Ocean Optics). The reference arm comprises a
micropositioner connected to mirrors M3 and M4, microscope objective MO2
(10×/0.30, Meopta) and achromatic lens AL2 (74-ACR, Ocean Optics). The
light from the output of the interferometer passes through aperture Ap and
is focused by microscope objective MO3 (10×/0.30, Meopta) into the read
fibre of a fibre-optic spectrometer (S2000 or NIR-512, Ocean Optics). The
spectrometers S2000 and NIR-516 have a spectral operation range from 350
to 1000 nm and from 850 to 1700 nm, respectively.

The investigated HFs are pure silica highly birefringent fibres (labelled as
FUT 1 to FUT 4) that were manufactured by a group from Maria Curie-
Sklodowska University, Lublin, Poland. The geometrical parameters of mea-
sured HFs, including the cladding diameter Φ, pitch Λ, diameter d of small
holes, diameter D of large holes (see Fig. 2) and length z, are listed in Table
1.

4 Experimental results and discussion

Prior to the measurements we used a laser diode instead of the supercontinuum
source to check a precise alignment of the optical components and the proper
excitation of the FUT: the elliptical-shape optical field at the output of the test
arm indicated that the light was guided by the fibre core. The orientation of
the analyzer was along the shorter axis of the elliptical core (see Fig. 2) so that
the group dispersion of the y-polarization mode in the FUT was measured.

In the differential group index dispersion measurement of HF 2, the path
length in the reference arm of the MZI was adjusted to resolve spectral inter-
ference fringes. Next, by displacement of mirrors M3 and M4 with a step of 10
or 50 µm, the path lengths in the MZI reference arm were adjusted, so that
well separated and clean fringes on a sufficiently wide spectral range were ob-
served. The width of the spectral interference fringes resolved for the length of
HF2 was sufficient to determine the equalization wavelength λ0 precisely. The
spectral signals recorded by spectrometer S2000 revealed that the equaliza-
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tion wavelength λ0 can be resolved in the spectral range from 501 to 894 nm.
Similarly, the spectral signals recorded by spectrometer NIR-516 revealed that
the equalization wavelength λ0 can be resolved in the spectral range from 916
to 1526 nm. The largest period of the interference fringes was observed in the
vicinity of the equalization wavelengths, whose positions in the interference
pattern changed in response to displacement of the mirrors. Figure 3 shows
two examples of the spectral signals recorded for two different path length
differences ∆L1 = −640 µm and ∆L1 = −820 µm adjusted in the MZI. The
spectral signals clearly show the effect of the limiting resolving power of the
spectrometers on the visibility of the spectral interference fringes in the vicini-
ties of two different equalization wavelengths: 797.82 nm and 1403.31 nm for
the spectral signal shown by the solid line; 943.67 nm and 1169.10 nm for the
spectral signal shown by the dashed line. Two equalization wavelengths λ01

and λ02 are due to the minimum in the group index Ny(λ) or in the differential
group index ∆Ny(λ) located between the wavelengths λ01 and λ02. The results
of measuring the displacement as a function of the equalization wavelength,
or equivalently the differential group index dispersion according to Eq. (4),
are plotted in Fig. 4 by the crosses together with the solid line representing a
five-term Laurent polynomial [11]

∆Ny(λ) =
a1

λ4
+

a2

λ2
+ a3 + a4λ

2 + a5λ
4. (11)

Note that some experimental data are missed due to the superimposed in-
terference fringes for which the equalization wavelengths cannot be resolved.
Moreover, Fig. 4 shows that the differential group index dispersion is mea-
sured with a sufficiently large number of experimental data, illustrating the
advantages of using a broad-band supercontinuum source versus a halogen
lamp. Consequently, the broad-band spectral source allows for better fitting
of the experimental data. The chromatic dispersion Dy(λ), corresponding to
the fit given by Eq. (11), is shown in Fig. 5 by the solid line. Measurement
precision is better than 0.1 ps km−1nm−1.

In Fig. 6 are shown by crosses the measured values of the group modal bire-
fringence G(λ) that were obtained by a method of spectral-domain tandem
interferometry [22]. A least-squares fit of G(λ) according to Eq. (7) to the ex-
perimental data, which is shown in Fig. 6 by the solid line, gives m = 2.274 and
ξ = 3.957 ·10−11. The chromatic-dispersion difference Dp(λ), determined from
Eq. (9), is shown in Fig. 6 by the dashed line. The chromatic-dispersion differ-
ence Dp(λ) was also used to obtain the wavelength dependence of ∆Nx(λ) from
the wavelength dependence of ∆Ny(λ) as shown in Fig. 4 by the dashed line.
The chromatic-dispersion difference is negative and it decreases with wave-
length, which causes, as illustrated in Fig. 5, the chromatic dispersion Dx(λ)
to be lower than Dy(λ) and with greater separation at longer wavelengths.
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In Fig. 5 is also shown the material dispersion of pure silica glass. The chro-
matic dispersion for the polarization modes of the fibre is higher than that
for the pure silica glass. The difference between these dispersions can be at-
tributed to the waveguide dispersion that is higher for longer wavelengths than
for shorter ones. This behavior is expected due to the well-known fact that the
contribution from waveguide dispersion increases with wavelength. Physically,
this is because the mode is well confined to the core for short wavelengths,
and the light therefore primarily interacts with the bulk material; as the mode
size increases with wavelength, the light will increase its interaction with the
surrounding air holes of the fibre. The ZDWs λx

ZDW and λy
ZDW for each polar-

ization modes are 1065.7 nm and 1051.3 nm, respectively.

Next, the group modal birefringence dispersion was measured for the remain-
ing HFs. Least-squares fits of G(λ) according to Eq. (7) to the experimental
data are shown for all HFs in Fig. 7 and Table 2 lists the corresponding para-
meters m and ξ. It is clearly seen from Fig. 7 that the smaller the geometrical
parameters of the HFs, the greater the absolute value of the group modal
birefringence and the quicker its change with wavelength. Table 2 shows that
parameter ξ decreases and parameter m increases with the enlargement of the
geometrical parameters of the HFs.

Similarly, Fig. 8 shows the chromatic-dispersion difference Dp(λ) as a func-
tion of wavelength λ evaluated by using Eq. (9) for all HFs. The chromatic-
dispersion differences are negative and they decrease with wavelength. The
smaller the geometrical parameters of the HFs, the greater the absolute value
of the chromatic-dispersion difference and the quicker its change with wave-
length. The measured chromatic dispersions Dx(λ) and Dy(λ) are depicted
in Fig. 9 in the vicinity of the ZDWs. It is clearly seen that the smaller the
geometrical parameters of the HFs, the shorter the ZDWs λx

ZDW and λy
ZDW

(see also Table 2). It should be noted that the most suitable fibre from the
point of view of supercontinuum generation is HF 2, for which the ZDW
λx

ZDW = 1065.7 nm is close to a 1064 nm of a pump Nd:YAG Q-switched laser.

5 Conclusions

In this paper we presented a spectral interferometric technique for measuring
the chromatic dispersion and the ZDW of polarization modes supported by
short-length HFs. The technique, which is substantially improved in compar-
ison with our previous technique [11], utilizes a broad-band supercontinuum
source and a dispersion balanced MZI. The MZI with a fibre in the test arm
is used to measure the wavelength dependence of the differential group ef-
fective index, or equivalently the chromatic dispersion of polarization modes
supported by the fibre. A five-term power series fit is applied to the measured
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data to obtain the chromatic dispersion over a broad spectral range (500–1600
nm). We measured by this technique the chromatic dispersion of polarization
modes in four pure silica highly birefringent HFs and revealed the dependence
of the position of the ZDW on the geometrical parameters of the HF. We
have revealed that the ZDW for the x-polarization mode of one of the HFs
is close to a wavelength of 1064 nm, which makes it a very good candidate
for future construction of a supercontinuum source pumped by a Nd:YAG
microchip laser. Moreover, our new approach utilizing the supercontinuum
source instead of a halogen lamp makes a broad spectral range measurement
of chromatic dispersion of polarization modes in short-length optical fibres
accurate and less time consuming.
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Table 1
Cladding diameter Φ, pitch Λ, diameter d of small holes, diameter D of large holes
and length z of measured HFs.

FUT-HF Φ (µm) Λ (µm) d (µm) D (µm) z (mm)

HF 1 154 4.25 1.53 4.25 77.640

HF 2 126 3.57 1.36 3.57 78.800

HF 3 103 3.40 1.19 3.40 78.910

HF 4 85 2.42 0.85 2.55 73.400

Table 2
Measured parameters m, ξ and λZDW of HFs.

FUT-HF m ξ (nm−m) λx
ZDW (nm) λy

ZDW (nm)

HF 1 2.508 4.852 · 10−12 1095.1 1081.7

HF 2 2.274 3.957 · 10−11 1065.7 1051.3

HF 3 2.090 3.091 · 10−10 1011.0 991.9

HF 4 2.080 4.055 · 10−10 963.0 943.4
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Fig. 1. Experimental set-up with a dispersion balanced Mach-Zehnder interferometer
to measure the chromatic dispersion of polarization modes in a birefringent fibre
(SCS: supercontinuum source, ESMF: endlessly single-mode fibre, C: collimator, P:
polarizer, BS: beam splitter, MO: microscope objective, FUT: fibre under test, AL:
achromatic lens, Ap: aperture, A: analyzer).
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Fig. 2. Geometry of the investigated HFs.
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different path length differences ∆L1 = −640 µm (solid line) and ∆L1 = −820 µm
(dashed line) adjusted in the MZI.
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Fig. 6. Measured group modal birefringence (crosses) in HF 2 with a fit (solid line)
and the chromatic-dispersion difference as a function of wavelength (dashed line).
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Fig. 7. Group modal birefringence in HFs as a function of wavelength.
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Fig. 8. Chromatic-dispersion difference in HFs as a function of wavelength.
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Fig. 9. Chromatic dispersion of the polarization modes in HFs as a function of
wavelength (near the ZDWs).
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