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A B S T R A C T

We demonstrate an in-line polarization controller for hollow core photonic bandgap fiber made by inserting
a length of the fiber into a standard, off-the-shelf, 3-paddle controller as widely used for polarization control
using standard single mode fibers. Although the operational principle of this 3-paddle controller is very
different when using hollow core photonic bandgap fiber rather than SMF effective polarization control is
readily achieved.
. Introduction

Hollow core photonic band gap fibers (HC-PBGFs) have a number of
ntriguing optical properties compared with conventional silica glass-
ore optical fibers [1]. This is mainly thanks to the strongly reduced
ight–matter interaction in the core which leads to ultralow optical non-
inearity, high damage thresholds, low latency, and a low propagation
ime and accumulated phase temperature sensitivity. These properties
ake such fibers of interest in applications such as laser beam de-

ivery [2], optical fiber sensing [3], and optical communications [4].
or practical uses, these fibers must be efficiently inter-connected with
xisting optical components such as splitters and isolators or, alter-
atively, these components should be made directly from HC-PBGF.
ne such component is the in-line optical polarization controller (PC),
hich is very often a critical component in fiber optic set-ups.

So far there have been two reports on making HC-PBGF PCs —
ither by twisting three fiber segments [5] or laterally squeezing three
iber segments [6]. Both of these methods require apparatus that is not
outinely available in a usual fiber optic laboratory.

Here, we propose and test a new configuration of in-line HC-PBGF
C which uses the widely available, off-the-shelf, 3-paddle polarization
ontroller designed for polarization control using standard single-mode
ptical fibers (SSMFs). We describe and illustrate how the principle of
peration and function of the controller is different when using HC-
BGF rather than SSMF and demonstrate that effective polarization
ontrol is possible using our approach.

. Polarization control principle

A PC is a device that is capable of transforming polarized light of
ny input state of polarization (SOP) into an output with arbitrary SOP.
athematically, the most straightforward realization of a PC is with

∗ Corresponding author.
E-mail address: Xi.Zhang@soton.ac.uk (X. Zhang).

three waveplates: two of them being quarter-wave plates (QWP) and
the third one, that is inserted in between them, is a half-wave plate
(HWP). It can be straightforwardly realized with bulk-optics wave-
plates, as sketched in Fig. 1(a) where polarization control is achieved
by rotating the individual waveplates. The first QWP is capable of
generating a linearly-polarized beam from an input beam of arbitrary
SOP. The HWP can then be used to rotate this linearly-polarized beam
by any arbitrary angle. The second QWP then be rotated to perform the
inverse function of the first QWP and to output a beam of any desired
SOP.

To implement this principle in fiber optics using SSMF, it is nec-
essary to generate the equivalent of a free space wave-plate but made
of SSMF. Although straight and unperturbed SSMF has a very small
birefringence, a controllable amount of birefringence can easily be cre-
ated by squeezing or bending the fiber [7,8]. Of the many commercially
available PCs the three paddle PC, shown in Fig. 1(b), is perhaps the
most common and frequently used. Here, lengths of fiber are bent
into loops, typically of constant diameter, creating birefringence [8],
and held in the paddles of the PC. Specific lengths of the fiber are
bent into the paddles to create the QWPs and HWP, with the HWP
needing double the length of bent. Waveplate rotation is then realized
by rotating each of the paddles (analogous to the rotation of the plates
in a free space embodiment), Fig. 1(b). In practice, a very good level
of arbitrary polarization control is achievable even if the length of the
fiber in the loops is not exactly as designed.

As there is very weak interaction of light with the glass in HC-PBGF
(as light propagates through the central hollow core), the polarization
state is significantly less sensitive to bending or squeezing in a HC-PBGF
as compared to SSMF [9]. Although this represents an advantage for
most applications (i.e. providing greater immunity to external perturba-
tions), it makes the task of making a PC from a HC-PBGF via externally
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Fig. 1. Various implementations of polarization controller: (a) free space controller employing three waveplates that can be rotated; (b) SSMF-based controller employing three
rotating fiber loops; (c) the principle of PC made from three segments of birefringent fiber (𝐿𝐵 is the beat-length), which we use for our HC-PBGF-made PC; (d) our HC-PBGF-made
controller employing three rotating fiber loops.
induced birefringence more challenging. Fortunately, however, HC-
PBGFs typically exhibit a moderate amount of birefringence due to
slight asymmetries in the fiber microstructure, which we harness for
our PC. The beat-length at 1550 nm for a 7-cell HC-PBGF is typically
in the cm-scale range [10], while SSMF typically shows a beat-length
of tens of meters [11]. 19-cell HC-PBGF designs have a larger core
than the 7-cell, and thus there is less interaction of light with the glass
cladding, resulting in lower insertion loss [12] and a longer beat length
in the range of tens of cm (Fig. 2).

We previously mentioned that a PC can be made in free space
optics using three waveplates made of birefringent material. This con-
cept can be translated into fiber optics: we can use three birefringent
segments of optical fiber with their length being quarter of the beat-
length (equivalent of QWP) and half beat-length (HWP), Fig. 1(c).
Although this in principle works with polarization-maintaining single-
mode fibers, it would not be very practical: polarization control would
require the ability to rotate each of the three fiber segments indepen-
dently (analogous to the rotation of the free space components), whilst
ensuring simultaneous alignment in between the segments to ensure
low insertion loss.

Here, we propose to keep each required length of fiber isolated
within one of the sections of a 3 paddle PC and to use the paddles to
provide relative rotation of the ‘‘fiber waveplates’’. The fiber within the
PC is fixed at four positions (at the beginning, after quarter beat-length,
three quarters beat-length, and at the end at the full beat-length) to
form the three segments of QWP, HWP, and QWP. Subsequently, we
rotate each segment, creating twist at the four fixed points with the
twist changing the axis of birefringence between the isolated lengths
forming the three waveplates.

Having established the principle, let us discuss practical implemen-
tation with HC-PBGF. Keeping the entire length of the fiber within
PC straight would result in a relatively long component (at least one
beat-length, which is ∼40 cm for the 19-cell HC-PBGF we used, as we
show later) and would require sophisticated components to rotate each
segment. Once again, we will use the fact that HC-PBGF sensitivity to
external perturbation (bend in this case) is relatively weak [9] and so
we coil each of the lengths (corresponding to HWP or QWP) and put it
into a standard commercial 3-paddle PC, Fig. 1(d).

It is worth to re-iterate that although our HC-PBGF looks and
functions like a commercially available three paddle PC for SSMF, its
operational principle is very different: instead of bending the fiber
to create the QWPs and HWP, the paddles are used to store the
required lengths of intrinsically-birefringent fiber without inducing any
significant additional birefringence.
2

Fig. 2. Calculated beat-length of the used HC-PBGF as a function of wavelength.

3. Measurement of HC-PBGF beat-length

The HC-PGF used in our experiments was an in-house made 19-
cell HC-PBGF with a central air-hole diameter of 31 μm and loss of
3.9 dB/km. The detailed HC-PBGF microstructure is shown in Fig. 3.
To find the lengths of HC-PBGF corresponding to a QWP and HWP
we needed to determine the HC-PBGF phase birefringence. We simu-
lated this using a finite element method in Comsol Multiphysics [13],
obtaining birefringence as difference between propagation constants
of fundamental mode along the two axes of birefringence, Fig. 2. We
see that the beat-length is expected to be 38 cm at 1550 nm and
that it changes very little (within 35–40 cm) over a 50 nm bandwidth
(1520–1570 nm). Subsequently, we measured the HC-PBGF phase bire-
fringence. It is worth mentioning that in HC-PBGFs, the phase and
group birefringence can be very different (by several orders of mag-
nitude [14]), requiring care when choosing the right measurement
method to ensure the phase birefringence is properly measured. We
mention this as for standard polarization-maintaining optical fibers,
these two forms of birefringence are almost identical and are sometimes
(mistakenly) interchanged in the literature.

Our beat-length measurement is based on a cut-back method and is
illustrated in Fig. 3. We use linearly polarized laser light at 1550 nm,
where the linear polarization plane can be changed via a free-space
input HWP. Before launching light into the fiber under test (FUT), we
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Fig. 3. Experimental setup of measuring HC-PBGF beat-length. CW Laser: Continuous
ave laser at 1550 nm; L1: collimating lens; L2: focusing lens; FUT: fiber under test.

Fig. 4. Maximum ellipticity of output SOP achieved by rotating an input linear
polarization state for various FUT lengths (dots) and theoretical fit (red line) giving
𝑳𝑩 = 41 cm.

analyzed the input light with a polarimeter (Thorlabs PAX1000IR2/M).
By rotating the input HWP, the trace on the Poincare sphere went
around the equator (where ellipticity 𝜒 is zero), exactly as expected for
inearly polarized light as the angle of linear polarization is rotated.

Subsequently, we placed the FUT in between the input HWP and
he polarimeter (adding a focusing lens to couple the light into the HC-
BGF), rotated the input HWP, and recorded the resulting trace on the
oincare sphere. For a FUT of half the beat-length (and its multiples),
e should always get a linear polarization at the output, observed in
ur set-up as a trace going along the equator at the Poincare sphere as
he linear polarization of the input light is rotated (𝜒 = 0). For a FUT

with a length corresponding to a quarter of the beat-length (or 3/4,
5/4, . . . .), we should see a trace that follows a meridian on the Poincare
sphere, passing through the North and South poles, which corresponds
to circularly polarized light and 𝜒 = 45◦ maximum ellipticity). As
hown in [15], maximum 𝜒 (𝜒max) obtained when rotating the input
WP can be attributed to the phase difference between the principal
xes of polarization of the FUT, with two extremes (𝜒max = 0◦, 𝜒 =

±45◦) described above.
We recorded 𝜒max for a length of HC-PBGF and then chopped off

a short length of it at the output, keeping the input (and thus also its
polarization axis) intact and re-measured 𝜒max. We repeated this pro-
cedure (chopping off a short length of FUT and re-measuring) several
times. The measured 𝜒max as a function of the FUT length in shown in
Fig. 4. As follows from [15], the relation between 𝜒max and the phase
difference between light propagating along the two FUT principal axes
of polarization follows ||

|

sin
(

2𝜋𝐿∕𝐿𝐵
)

|

|

|

. The absolute value is used as we
always measure 𝜒max as a positive number. The fit is shown in Fig. 4,
resulting in beat-length 𝐿𝐵 = 41 cm, which is very close to the expected
value of 38 cm.

4. Waveplates made of HC-PBGF

We have made two QWPs and a HWP by putting HC-PBGF segments
into the paddles of a standard 3.5-cm loop diameter polarization con-
troller. To configure each specific paddle and to allow us to control the
3

Fig. 5. Setup for characterization of the HC-PBGF-made waveplates: (a) QWP and (b)
HWP. The linearly polarized input is identical to that shown in Fig. 3. The input and
output pigtails are 1 beat-length long.

exact FUT that is manipulated, we unscrewed the other two. Details of
our FUT arrangement for both waveplates are shown in Fig. 5.

Given the fixed loop diameter of a standard 3-paddle PC and the
two fiber fixing points (which are at the beginning and the end of the
3-paddle PC), we could not use exactly quarter 𝐿𝐵 (10.25 cm) and half
𝐿𝐵 (20.5 cm) HC-PBGF lengths, respectively. Instead, we used 1.25𝐿𝐵
(51 cm) and 1.5𝐿𝐵 , (62 cm) which should provide the same behavior
as quarter-wave (0.25𝐿𝐵) and half-wave (0.5𝐿𝐵) plates. Fig. 5 gives
details on how we fixed the fiber inside the controller: we had 3 loops
in QWP and 2 in HWP with the rest of the fiber was left free to move
and rotate with the rotation of the paddles.

The experimental set-up used to characterize the performance of
the HC-PBGF waveplates, Fig. 5, consisted of the same source and
coupling optics as the set-up used to measure the beat-length (Fig. 3).
The FUT sample in the PC was placed between two beat-lengths of the
fiber. i.e. one beat-length HC-PBG placed at the input and one at the
output. We chose this length as it should not alter the polarization
state between the waveplate under study and the input and output,
enabling us to know the polarization state at the beginning and the end
of the fiber waveplate being characterized. As we rotated the paddle,
the output SOP was analyzed using the polarimeter.

Fig. 6(a) and (b) show the evolution of the output SOP of a HC-
PBGF QWP and HWP represented by the solid dots when we rotated the
paddle from one side to the other, respectively. For comparison, we also
replaced the FUT waveplates with free-space QWP and HWP, shown as
the traces composed of empty circles in the figures. The trajectory of
the HC-PBGF QWP in Fig. 6(a) follows the expected figure of ‘‘8’’ shape
from the North Pole (right-handed circular polarization) to the South
Pole (left-handed circular polarization) passing the equatorial plane
(linear polarization) of the Poincare sphere. Meanwhile the trajectory
of the HC-PBGF HWP in Fig. 6(b) follows the equator, similarly to a
free-space HWP. We believe the differences in the output SOP traces be-
tween the HC-PBGF waveplates and free-spaces waveplates are mainly
due to the stress in the fiber induced when we rotated the paddles.

It is worth mentioning that the traditional 3-paddle SSMF-based po-
larization controller [16] also shows small deviations from the expected
behavior for each of its paddles, as demonstrated in Fig. 7. To get these
results, we used a single paddle with 2 and 3 loops of SSMF for QWP
and HWP, as instructed by the paddles manufacturer (Thorlabs).

5. HC-PBGF polarization controller

We re-assembled our 3-paddle PC and constructed an all-HC-PBGF
PC by taking a length of HC-PBGF and making a single HC-PBGF loop in
the first and third paddle (length close to quarter 𝐿𝐵) and two loops in
the middle paddle (close to half 𝐿𝐵), Fig. 1(d). Thus, the fiber lengths in
the paddles were not exactly as required from the theory (11 and 22 cm
in paddles as opposed to 10.25 and 20.5 cm corresponding to 𝐿𝐵/4
and 𝐿𝐵/2). Additionally, we expect the fiber twists in between the
paddles to induce slightly distorted change to the polarization state in
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Fig. 6. Evolution of the measured output SOP on the Poincare sphere for (a) QWP,
nd (b) HWP. The solid dots: measured SOP evolution of HC-PBGF-made plates as the
addle was rotated from one side to the other; the circles: measured SOP evolution of
free-space waveplate.

he fiber as compared to the pure polarization axis rotation considered.
ence, we expect some level of differences in the behavior as compared

o theory. However, such a statement applies also to the 3-paddle
ontroller made of SSMF (Fig. 7), and does not have any significant
mplications on its performance in most applications.

The output SOP of our HC-PBGF was measured using the same
xperimental system as shown in Fig. 5. For various input SOPs, we
ecorded the evolution of the output SOP on the Poincare sphere when
e changed the three paddles, always achieving good coverage of the
ntire Poincare sphere.

. Conclusion

We have suggested how to use a standard 3-paddle polarization
ontroller designed for standard single-mode fiber with HC-PBGF. We
eiterate that the loops in the paddles are not used to introduce bire-
ringence, but rather to compactly store a length of the HC-PBGF and
o allow its efficient rotation. We measured the beat-length of the
C-PBGF used to be 41 cm and subsequently made quarter and half-
aveplates from it. We verified their operation using a polarimeter.
ubsequently, we used quarter-half-quarter beat-length HC-PBGF seg-
ents in the 3-paddle polarization controller and tested its ability to

over the entire Poincare sphere for various input polarization states.
ur simulations show that the HC_PBGF beat-length changes only very

ittle over a 50 nm bandwidth and thus we expect the polarization
ontroller to operate over a reasonably-large spectral range. Advantages
f our implementation as compared to the state-of-the-art include the
bility to use off-the-shelf components readily available in majority of

iber optics laboratories.

4

Fig. 7. Evolution of the measured output SOP on the Poincare sphere for SSMF-made
single-paddle (a) QWP, and (b) HWP. The paddle was rotated from one side to the
other.
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