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Abstract—In order to determine the Verdet constant of an air-
core photonic bandgap fiber (PBF), the birefringence of the fiber
needs to be accurately known. We used two methods to measure the
linear and circular birefringence of a commercial PBF around 1.5

m. The linear birefringence beat length is found to vary signifi-
cantly with wavelength, ranging from 6.8 0.2 cm at 1526.8 nm to
9.5 0.4 cm at 1596.8 nm. The circular birefringence is observed
to be weaker by a factor of at least ten. The Verdet constant of this
fiber, measured using a Faraday-effect measurement, is 6.1 0.3
mrad/T/m. This value is in broad agreement with the prediction of
a numerical model, and it confirms that the Verdet constant of this
fiber is dominated by the residual spatial overlap of the mode with
silica. It is also found to be 90 times weaker than the Verdet con-
stant of a solid-core fiber (SMF-28) measured by the same process
(0.55 0.01 rad/T/m, in agreement with published values). This
significantly reduced susceptibility to magnetic fields points to yet
another benefit of air-core fibers in the fiber optic gyroscope.

Index Terms—Birefringence, Faraday effect, optical fiber, pho-
tonic bandgap fibers.

I. INTRODUCTION

I N ALL applications of the fiber optic gyroscope (FOG),
the sensing fiber is exposed to the Earth’s magnetic field.

Through the Faraday effect present in the fiber silica, this mag-
netic field induces a differential phase shift between the waves
counterpropagating in the sensing coil [1]. Because the field
varies over time and space, and because the sensing coil often
moves in space, this effect results in a drift in the FOG output
signal that is indistinguishable from a rotation. Although the
Faraday effect in silica is weak, it is strong enough to be trou-
blesome in high-sensitivity FOGs, in particular for aircraft iner-
tial navigation. This problem is typically handled by placing the
sensing coil in a -metal enclosure, which shields off the mag-
netic field, but this solution increases the size, weight, and cost
of the gyro.

We have pointed out that the Faraday effect, as well as other
undesirable effects such as thermal drift, can be significantly
reduced by replacing the solid-core, index-guided fiber used in a
conventional FOG by an air-core photonic-bandgap fiber (PBF)
[2]. In such a fiber, most of the energy of the fundamental mode
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is confined in air, which has a much lower Verdet constant than
silica. Consequently, the effective Verdet constant seen by this
mode is expected to be much lower than in a conventional fiber,
in which all of the mode energy travels through silica. Hence,
the use of an air-core fiber in the sensing coil would significantly
reduce the magnetic-field-related long-term drift in a fiber gyro.
In this paper, we confirm this prediction by reporting the first
measurement of the Verdet constant of the fundamental mode
of an air-core fiber (Crystal Fibre’s HC-1550-02 fiber).

Measurement of the Verdet constant in a fiber that exhibits
birefringence requires accurate knowledge of its linear and cir-
cular birefringence. To date, the very few studies of an air-core
fiber birefringence, theoretical and experimental, all show that
the birefringence is significant and varies greatly with wave-
length and from fiber to fiber. Wegmuller et al. reported a mea-
sured beat length of 1.1 cm for a 1.55- m hollow-core fiber
with a nominally circular core [3]. Polarization properties such
as birefringence, polarization-dependent loss, and polarization-
mode dispersion were all found to be strongly influenced by the
presence of surface modes in the bandgap [3]. This behavior
was confirmed by independent numerical simulations of bire-
fringence by Poletti et al. [4]. In an 850-nm fiber with a slightly
elliptical core (0.85:1), the beat length was found to range from
0.4 to 1.3 cm across the bandgap [5]. In the light of this wide
range of birefringence, as part of our Verdet constant measure-
ment, it was therefore essential that we measure the birefrin-
gence of our fiber.

This paper is arranged in four parts. In Section II, we report
measurements of the fiber linear and circular birefringence. In
Section III, we present a simple model that predicts the value
of the Verdet constant of the HC-1550-02 fiber based on a nu-
merical model of its fundamental mode profile. Section IV de-
scribes the experimental setup used to measure the Verdet con-
stant. Section V presents the theory used to extract the Verdet
constant from this measurement. Experimental results are re-
ported in Section VI, and conclusions in Section VII.

II. LINEAR AND CIRCULAR BIREFRINGENCE MEASUREMENT

The test fiber HC-1550-02 has an air core with a diameter of
10.9 m, surrounded by a photonic crystal cladding made of a
triangular lattice of airholes with a period of 3.8 m. Its photonic
bandgap extends from 1520 to 1680 nm. This fiber is not
truly single-mode at the testing wavelength range, but the few
higher order modes are so lossy that the output of even the short
lengths of fiber used in this work contains only the fundamental
mode.
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We used two methods to measure birefringence. The first one
consists of launching single-frequency light of known polar-
ization into a sub-beat-length section of fiber and measuring
the output state of polarization (SOP) for linear input polar-
izations of different orientation. From this data, the Jones ma-
trix of the fiber can be recovered, giving the linear and circular
birefringence of the fiber at the measurement wavelength. The
second method uses a white-light source measurement: linearly
polarized white light is launched into the fiber, and the output
spectrum is filtered through a polarizer. This spectrum exhibits
fringes, which give information about the birefringence of the
fiber. The purpose of this second measurement was simply to
confirm the results of the Jones matrix measurements, which
tends to be a little noisy.

The Jones matrix of a section of birefringent fiber, written in
an arbitrary laboratory reference frame, is [6]

(1)

where is the circular phase delay in the fiber section, is
the linear phase delay oriented along the -axis, and is the
linear phase delay oriented at 45 to the -axis. The matrix
above contains no explicit dependence on the length of the
fiber, but is connected to the length and beat length
of the fiber via . In order to measure the Jones
matrix, the output polarizations (angle and ellipticity) must be
measured for at least two known input polarizations. If is
known within , then the values of the phase delays , , and

can be determined uniquely from the Jones matrix. If is
uncertain modulus , multiple values for , , and are pos-
sible, and additional information is required to determine these
parameters uniquely. Previous measurements made by twisting
the HC-1550-02 fiber and measuring the Jones matrix of very
short ( 1 cm) fiber sections indicated that is greater than 6.5
cm over the wavelength range under consideration [7]. Conse-
quently, in the Jones matrix measurements, we used a 2.8 cm
length of fiber (cut from the same coil used in the white-light
experiment) to ensure that .

The Jones matrix measurements were carried out with an Ag-
ilent 8509c polarization analyzer. The 2.8-cm fiber sample was
fixed in a mount, and light from a tunable laser was coupled into
its core with a lens. For a given wavelength, 12 different linear
input polarizations, spaced 15 apart, were launched into the
PBF, and the resulting output polarizations were measured. The
Jones matrix was then found in a fitting procedure by varying

, , and and minimizing the total difference between mea-
sured and fit output polarizations. This procedure was repeated
for 12 wavelengths between 1526.8 and 1596.8 nm. It was ob-
served that small changes in the system alignment changed the
measured birefringence. Therefore, several measurements (five
to eight) of the Jones matrix were performed at each wavelength
to evaluate the error of each data point.

Fig. 1. Measured linear-birefringence beat length as a function of wavelength.
Points are measurements from the Jones matrix method. Solid curve is from the
white-light method.

Fig. 1 shows the measured beat length of the linear birefrin-
gence of this fiber. It shows that the linear birefringence is sig-
nificant, with a beat length of about 8 cm at 1570 nm. This is
a significantly longer beat length than previously reported for
different air-core fiber [3]. The birefringence also varies signif-
icantly with wavelength. Since an ideal symmetric fiber should
in theory exhibit no birefringence [8], this relatively strong bire-
fringence indicates that the sixfold rotational symmetry is not
preserved in the fiber structure. Because the majority of the op-
tical power travels in the air core, it is likely that this birefrin-
gence is not due to strain within the fiber but to geometrical de-
formation of the fiber core region.

The white-light method uses the wavelength dependence of
the phase difference between the two polarization eigen-
states of the fiber in order to obtain information about the bire-
fringence and its variation with wavelength. A diagram of
the experiment is shown in Fig. 2. Linearly polarized broad-
band light (amplified spontaneous emission from an Erbium
(Er)-doped fiber) was launched into a 5.5-m length of the same
air-core PBF wrapped in a coil of 10-cm radius (bending has
little effect on the birefringence of this fiber, as no additional
birefringence was observed using a coil of 2-cm radius). The
output of the fiber was passed through a second polarizer, then
coupled into a section of standard single-mode fiber (Corning’s
SMF-28) using bulk optics, and finally sent into an optical spec-
trum analyzer. The SMF-28 fiber section serves as a mode filter,
eliminating the possible contribution of other modes in the PBF
besides the fundamental mode. The polarizer angles were ad-
justed to give maximum contrast in the measured output spec-
trum. To compensate for the strong wavelength dependence of
the input power from the broadband source, this measured spec-
trum was normalized to the power spectrum measured
with the same setup except without the output polarizer.

A representative normalized output spectrum is shown in
Fig. 3. It exhibits the expected periodic transmission as a
function of wavelength that result from the variation of
with .
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Fig. 2. Experimental setup for the white-light method.

Fig. 3. Normalized output spectrum measured with the while-light source.

The phase difference between two adjacent peaks of the
normalized white-light spectrum located at wavelengths and

is , i.e.,

(2)
From (2), we see that the white-light transmission spectrum
is not sufficient to uniquely determine . In order to ob-
tain using (2), we must also know the sign of the right-
hand side, as well as at one of the peak wavelengths.
These two pieces of information are conveniently provided by
our Jones matrix measurements. Specifically, first, since these
measurements show that the beat length increases with wave-
length, the right-hand side of (2) should be negative. Second, to
determine the value of at a particular wavelength, we used
the value of cm measured at nm (see
Fig. 1), which minimizes the mismatch between the white-light
and Jones matrix data. Analysis of the white-light measurement
data with these two pieces of information yielded the solid curve
in Fig. 1. The white-light method yields the total beat length,
which depends on both the linear and circular phase delays.
In this fiber, the circular phase delay is so small that the total
and linear beat lengths differ by less than 1%, so the blue curve
shows essentially the linear-birefringence beat length. There is
clearly excellent agreement between the two methods. Specifi-
cally, the slopes of the two measurements agree well. The agree-
ment in the absolute location of the solid curve is strictly the
result of having fitted the white-light data at a particular wave-
length (1550 nm) to the Jones matrix data.

The rapid variation between the data points measured with the
Jones matrix method (see Fig. 1) is most likely due to experi-
mental error caused by slight misalignments of the fiber, polar-
ization-dependent coupling, and/or coupling into bulk and sur-
face modes. If the true birefringence of the fiber actually exhib-
ited such rapid variations, then the white-light spectrum (Fig. 3)
would exhibit rapid oscillation in wavelength regions where the
birefringence changed quickly (e.g., between 1570 and 1577
nm), which is certainly not the case.

Fig. 4. Beat length of the circular birefringence.

The Jones matrix method allows us to quantify the relative
contributions of circular and linear birefringence in the fiber.
Fig. 4 shows the beat length of the circular birefringence, which
is calculated from the circular phase delay using the formula

. The circular phase delay is small, and the errors
in its measurement are large, which translates into large uncer-
tainty in . The important result is that while the circular bire-
fringence is not negligible, the overall birefringence of the fiber
is dominated by the linear component. The linear birefringence
is observed to be at least ten times stronger than the circular
birefringence in this fiber at all the wavelengths under consid-
eration.

III. TEST FIBER AND EXPECTED VERDET CONSTANT

The main objective of this work was to measure the Verdet
constant of the HC-1550-02 air-core fiber. For calibration pur-
poses, we also conducted the same Verdet constant measure-
ment on a short length of standard single-mode fiber (Corning’s
SMF-28 fiber), for which the Verdet constant is known. Re-
ported measured values of the Verdet constant of single-mode
silica fiber at 1.55 m range approximately from 0.52 to 0.60
rad/T/m [9]–[11], which is comparable to the reported values of
the Verdet constant of silica.

Numerical simulations show that in the HC-1550-02 fiber,
less than 1% of the fundamental mode energy at 1.55 m is
contained in silica. The rest of it propagates in air, The Verdet
constant of air at 1.55 m is of the order of 1.9 10
[12], which is nearly 300 times weaker than the Verdet constant
of silica. Consequently, the Verdet constant of this fiber is ex-
pected to be at most 1% of the Verdet constant of a single-mode
silica fiber.
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Fig. 5. Setup used to measure the Verdet constant of the air-core fiber. PD1 and PD2: photodetectors.

IV. FARADAY EFFECT MEASUREMENT SETUP

It is well known that through the Faraday effect, the applica-
tion of a magnetic field to a material, in a direction parallel to the
direction of propagation of light, induces a rotation of the polar-
ization vector of the light proportional to the material’s Verdet
constant. The measurement of the Verdet constant of an op-
tical fiber is therefore inherently simple: it involves measuring
the change in the polarization of an optical signal as it travels
through a short length of fiber exposed to a known magnetic
field.

The measurement setup used to carry out this measurement,
which is based on the configuration of [9], is depicted in Fig. 5.
The polarized beam from a 1545-nm semiconductor laser was
sent through a bulk-optic polarizer, then coupled into the test
fiber. A fiber polarization controller placed at the output of the
laser was used to adjust the SOP of the light entering the polar-
izer, and hence maximize the power transmitted by the polarizer.
The fiber was placed along the axis of a solenoid, which gener-
ated the desired magnetic field. The solenoid was 10 cm long
and consisted of 611 m of 18-gauge wire. The signal exiting
the fiber was split into two orthogonal, linearly polarized sig-
nals by a polarizing beam splitter (PBS) that could be rotated at
an arbitrary angle about the fiber axis, and each signal was sent
to a separate photodetector to measure its power. The quantity
of interest in this measurement is ,
where and are the powers in each signal [9]. The benefit of
this two-signal measurement is that it eliminates certain sources
of noise common to the two signals that are subtracted. Such
common noise in particular includes power fluctuations of the
laser and random temporal variations in the birefringence of the
test fiber. In addition, the source that generated the switched so-
lenoid current emitted electromagnetic noise, which was picked
up by the photodetectors. This source of noise was also elimi-
nated by this dual-detector scheme.

In the absence of magnetic field, the input polarizer was ad-
justed until the input polarization was aligned with one of the
eigenstates of the fiber, i.e., until the output polarization was
linear in the case of the SMF-28 fiber, and as close to linear as
possible in the case of the PBF (which exhibits a small amount
of circular birefringence). The PBS angle was then adjusted at
45 to this polarization, so that the powers measured by the two
detectors and are equal. In the case of the SMF-28 fiber,
since the output polarization is linear, at the end of this adjust-
ment the parameter was equal to 0. For the air-core fiber, the

output signal was almost linearly polarized, and was close to
but not quite equal to 0, but by an amount so small that it had no
bearing on the value of the Verdet constant ultimately inferred.

When a magnetic field is applied, the SOP of the output signal
rotates, which modifies and . The measurement therefore
consists in turning on the field and, without changing the po-
sition of the PBS, measuring and . To enhance the mea-
surement signal-to-noise ratio (SNR), the solenoid current was
modulated at , and the signals from the two photode-
tectors were analyzed with a dual-input lock-in amplifier (see
Fig. 5). The latter provided the difference between the two sig-
nals , which was then normalized by the total detected
power to obtain .

V. THEORY FOR CALCULATING VERDET CONSTANT

If a fiber is free of linear birefringence, the effect of a mag-
netic field is to rotate the state of polarization of light traveling
through this fiber by an angle given by

(3)

where is the length of fiber exposed to the magnetic field,
is the component of the magnetic field along the fiber direction

, assumed of constant amplitude, and is the fiber’s Verdet
constant. However, when the fiber exhibits linear birefringence,
it is well known that the polarization rotation angle is always
smaller than this value and depends strongly on the birefrin-
gence [9]. The physical reason is that as a result of the com-
bination of linear and circular birefringence, the signal SOP no
longer remains linear along the entire fiber. Along at least por-
tions of the fiber, the SOP has a circular component, and since
a circular birefringence does not alter a circular polarization (it
only changes its phase), the polarization rotation imparted to the
signal is reduced. When the fiber birefringence and length are
such that the signal spends equal amounts of time in the and
polarizations in the magnetic field, since the rotation imparted
on these two polarizations by a circular birefringence are equal
and have opposite signs, there is no net rotation of the signal
polarization. Consequently, for certain values of the linear re-
tardation, the magnetic field has no effect on the output SOP.
This shows that for a polarization rotation measurement to yield
a reliable Verdet constant value, it is critical to accurately relate
the measurand to the quantity of interest .
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Fig. 6. Calculated dependence of the rotation angle � on the fiber linear retar-
dation �.

When the magnetic field has a constant amplitude along the
fiber, this relationship takes the simple form [13]:

(4)

where is the phase retardation due to birefrin-
gence, is the index birefringence of the fiber, and is the
signal wavelength. For small angles , , i.e.,
it is proportional to twice the Faraday rotation angle , and it
varies with birefringence as . This dependence is plotted
as the solid curve in Fig. 6 for a value of . As pre-
dicted above on physical grounds, for certain values of the retar-
dation (or fiber length), the rotation vanishes. When the magnet-
ically induced rotation angle is small , (4) states that
these cancellations occur when is a multiple of , i.e., when
the fiber length is a multiple of half a beat length .
This result implies that in order to be able to recover the Verdet
constant from a polarization rotation measurement, the birefrin-
gence must be known fairly accurately.

The above dependence assumes that the field is constant along
the fiber. In our experiment, however, this was not the case, for
two reasons. First, coupling requirements imposed that the fiber
extends a few centimeter out of the solenoid, on both sides of
it. Second, the magnetic field generated by the solenoid was
not constant along the solenoid axis . This can be seen in
Fig. 7, which plots the on axis magnetic field measured with
a Gauss meter at a solenoid current of 0.29 A. The figure also
shows the magnetic field calculated using basic electromagnetic
theory, which required only the values of the solenoid’s inner
radius cm , outer radius cm , and length

cm , and the estimated total number of turns in the
winding . Theory and experiment agree and provide
the absolute value of the field at any point along the test fiber re-
quired to recover the Verdet constant, as discussed below.

Since the field varies along the fiber length, (4) could not be
used to relate and . Instead, we calculated the exact po-
larization rotation in the presence of fiber birefringence for the

Fig. 7. Calculated and measured longitudinal dependence of the axial magnetic
field along the solenoid axis.

actual magnetic field applied to the fiber (Fig. 7) by using the
Jones matrix formalism. We divided the fiber in imaginary
segments of equal length , short enough ( 2 mm)
that the field along a given segment was equal to some essen-
tially constant value . We also assumed that both the linear
and circular birefringence of the fiber were independent of po-
sition along the fiber, so that all segments had the same linear
birefringence phase retardation and the same circular phase re-
tardation. The Jones matrix of each segment, defined in the basis
of the fiber’s birefringence axes, is given by [6]

(5)
where is the number of the segment ( to ), counted
from the fiber input end, and

(6)

The Jones matrix for the entire fiber is then the product of the
Jones matrices in reverse order:

(7)

Given this matrix and a known input signal (in this case, polar-
ized along one of the birefringence axes), it is then easy to com-
pute numerically the SOP of the fiber output signal, and from it
the parameter .

Simulations using (5) indicate that although the circular
birefringence of the test fiber is small compared to the linear
birefringence, when it is taken into consideration, the predicted
value of is reduced by 11%, which is not completely neg-
ligible. Consequently, to infer the Verdet constant from the
measured value of we took the circular birefringence into
account.
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Fig. 8. Predicted detected signal � for both uniform field and nonuniform ap-
proaches.

The circular birefringence of the test PBF is likely due to
random variations in the orientation of the principal axes of the
fiber along its length. Hence, one does not expect the circular
birefringence to be very uniform along . Measurements of the
circular birefringence on at least half a dozen different fiber sam-
ples indicate that the circular-birefringence beat length of this
fiber is at least ten times greater than the linear-birefringence
beat length. Hence, our assumption of a uniform circular-bire-
fringence beat length of 75 cm represents a worst-case, and the
small correction on that it predicts ( 11%) represents an
upper bound value.

Fig. 8 plots the transmission predicted for either a uniform
field [(4)] or a nonuniform magnetic field integrated over 100
segments [(5)–(7)]. In both cases, the area under the magnetic
field curve was taken to be the same. The two models agree up to
a length of about one linear beat length, while for longer fibers
the uniform-field predictions become increasingly inaccurate.
The constant-field approximation clearly cannot be used when
the length of the fiber exposed to the magnetic field is larger
than one beat length. Since in our measurement the fiber had to
be significantly longer than one beat length in order to obtain a
strong enough output signal, we had to resort to the integrated
field method to recover the Verdet constant from a measurement
of .

VI. EXPERIMENTAL RESULTS

Fig. 9 shows the temporal evolution of the parameter mea-
sured in a 15-cm length of SMF-28 fiber over a period of 20
min. (This parameter is the signal recorded directly from the
lock-in amplifier; it must be normalized by the sum of the dc
signals of two photodetectors to obtain parameter .) During
measurements, the modulated magnetic field was switched ON

at a certain field strength, then switched OFF about 10 min later.
The average value of during the “ON” period inferred from
Fig. 9 is 0.2 mV. The dc signal at each photodetector was 0.08
V, so after calibration of these two signals and normalization,
the value of was determined to be 1.26 .

Because the length of the solid-core fiber tested in the ex-
periment is much shorter than its beat length, the uniform field
approximation can be used in this case. Since the beat length of

Fig. 9. Measured signal � and normalized signal T recorded for the SMF-28
fiber when the magnetic field was turned ON and OFF.

Fig. 10. Measured signal � and normalized signal � recorded for the air-core
fiber when the magnetic field was turned ON and OFF.

SMF-28 fiber at 1.55 m is 1.3 m, the linear retardation of the
portion of fiber exposed to the field is .
Solving (4) for these values of and yields .
The solenoid current in this measurement was 0.29 A. The field
integrated along the fiber is 0.001 19 T.m. Inserting
these values in (4), yields a Verdet constant for the SMF-28
fiber of 0.55 rad/T/m. This is in accord with the many values
published for low-birefringence silica fibers at 1.55 m, which
range approximately from 0.52 to 0.60 rad/T/m [9]–[11]. This
agreement lends credence to the calibration accuracy of our
measurement technique.

The same measurement was repeated with a similar length of
air-core fiber cm . The temporal evolution of mea-
sured for this fiber at a solenoid current of 0.35 A is plotted in
Fig. 10. Despite the large-applied field and long-exposed length
of fiber, the signal was observed to be fairly noisy and weak,
much more so than with the conventional fiber, suggesting that
the Faraday effect in the air-core fiber is indeed quite weak, as
anticipated.

The measured dependence of T on the magnitude of the ap-
plied field is plotted in Fig. 11. As expected, the dependence
is linear, within experimental errors. After normalization, the
slope of this curve gave a Verdet constant for the air-core fiber
of 6.1 0.3 mrad/T/m. This is 90 times weaker than the mea-
sured Verdet constant of the solid-core fiber, in agreement with
the ratio of 100 expected from theory. Based on the values of
the Verdet constants of air and silica, we conclude that this small
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Fig. 11. Normalized signal recorded for the air-core fiber with varying current.

Verdet constant is dominated by the residual overlap of the fiber
mode field with the silica membranes of the PBF.

VII. CONCLUSION

In order to measure the Verdet constant of a commercial air-
core PBF, we conducted precise measurements of the birefrin-
gence of this fiber using both direct measurements of the Jones
matrix of a short section of fiber and an independent white-light
method. The linear birefringence was found to depend strongly
on wavelength, with a beat length ranging from 6.8 to 9.5 cm
over a wavelength range from 1526.8 to 1596.8 nm. The fiber’s
circular birefringence was found to be much weaker, with a
beat length at least ten times longer. Using the measured bire-
fringence, the Faraday effect experiment demonstrates that the
Faraday rotation is much stronger in the solid-core fiber than
that observed in the air-core fiber. The measured Verdet constant
for the air-core fiber is 0.0061 , which is
much smaller than that of a solid-core fiber. The potential ap-
plication of the air-core fiber in the FOG is obvious since the
long-term drift due to Earth’s magnetic field can be significant.
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