Journal of Electrical Engineering & Technology Vol. 4, No. 3, pp. 405~409, 2009 405

Polarization-Independent Multiwavelength-Switchable
Filter Based on Polarization Beam Splitter and Fiber Coupler

Yong Wook Lee*

Abstract — A polarization-independent multiwavelength-switchable fiber filter is proposed based on a
polarization beam splitter and fiber coupler, which can function as a polarization-independent trans-
mission or reflection-type interleaving filter. The proposed filter consists of a polarization beam splitter
and a Sagnac birefringence loop composed of a 50:50 coupler, high birefringent fibers, and two quar-
ter-wave plates. In the proposed filter, a transmission-type interleaver with a channel isolation > 18 dB
or a reflection-type one with a channel isolation of ~3 dB, whose channel spacing and switching dis-
placement were 0.8 and 0.4 nm in common, respectively, could be obtained. A channel interleaving op-
eration could be performed by the proper control of waveplates within the Sagnac birefringence loop.
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1. Introduction

Multiwavelength-switchable fiber filters are of great
importance for the next-generation of wavelength-routed
wavelength-division-multiplexed networks as their dy-
namic transmission property can provide high system per-
formance. Recently, fiber birefringent filters based on a
Sagnac birefringence loop (SBL) structure have gained
attention for their simple design and ease of use as multi-
wavelength-selective filters. Initially considered as a switch-
ing device, the theory and application of Sagnac fiber loop
reflectors, fabricated by forming a fiber loop between the
output ports of a directional coupler, have been well docu-
mented and understood [1], with many useful applications
found in the area of photonics. In the meantime, a multi-
wavelength-periodic filtering function could be produced
by inserting a high birefringent fiber (HBF) in the Sagnac
fiber loop. Techniques for building optical filters using an
SBL structure, i.e., Sagnac birefringence filters (SBFs),
have been proposed and experimentally demonstrated in
various forms [2][3]. However, absolute wavelength con-
trol of the periodic reflection or transmission band in these
SBFs requires some mechanical or thermal techniques [4].
Recently, a multiwavelength-switchable filter controlled by
the adjustment of the light polarization circulating the fi-
bers comprising the filter, and thus causing no physical
harm to the durability of the HBF, was reported by incor-
porating a polarization beam splitter (PBS) and SBF to
implement the multiwavelength-switchable fiber ring laser
[5]- In the previous study [5], however, a filter operating
only in a reflection mode was used and analyzed, and uni-
form spectral characteristics could not be obtained in a
broadband > 10 nm due to the wavelength dependency of
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the waveplates used in the experiments. In this paper, a
polarization-independent multiwavelength-switchable filter
was demonstrated, which could operate in both transmis-
sion and reflection modes and show uniform spectral out-
puts in a broadband > 20 nm by using high performance
waveplates nearly achromatic over 20 nm around 1550 nm.
The proposed filter consists of a PBS and an SBL com-
posed of a 50:50 coupler, HBFs, and two quarter-wave
plates (QWPs). With proper adjustment of the polarization
controllers (PCs) composed of two QWPs within the SBL,
the channel wavelength can be switched so that the switch-
ing displacement should be half of the spectral period. This
half-period switching that makes the channel interleave is
known as interleaving. In the proposed filter, a transmis-
sion-type interleaving filter (interleaver) with a channel
isolation > 18 dB or a reflection-type one with a channel
isolation of ~3 dB, whose channel spacing and switching
displacement were 0.8 and 0.4 nm in common, respectively,
could be obtained in a wavelength range of 20 nm.

2. Principles of Operation
2.1 Mathematical Formulation of Filter Responses

As shown in a schematic diagram of the proposed filter
in Fig. 1, the filter consists of a PBS and an SBL composed
of a 50:50 coupler, HBFs, and two QWPs. The PBS is a
compact optical device that can split the input light into
two orthogonal polarization components or combine them
into one output fiber. The SBL in the dotted box in Fig. 1
acts as a polarization-independent multiwavelength-periodic
filter [2]. As can be seen in Fig. 1, there are 8 paths of the
propagating light when the light is introduced into the input
port of the filter (8 paths: 1-3-4-1, 1-3-4-2, 1-4-3-1, 1-4-3-2,
2-3-4-1, 2-3-4-2, 2-4-3-1, and 2-4-3-2). Only the reflected
or transmitted light should be included in the theoretical
calculation of reflectivity or transmittivity with the proper
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consideration on polarization, respectively. If optical com-
ponents comprising the filter are assumed as ideal, i.e.,
lossless, including a 50:50 coupler, QWPs, and a PBS, and
the above 8 paths are considered in turn, the Jones matrices
RE and TR for reflection and transmission, respectively,
can be represented as follows according to Jones matrix
formulation [6]:

Optical spectrum analyzer

Sagnac birefringence loop
A

PBS

Fig. 1. Schematic diagram of the proposed multiwavelength-
switchable filter (dots: splicing points between HBFs
and single-mode fibers)
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where Ty, Ty, Tusr, To1, and Ty, are Jones matrices of the
horizontal polarizer, vertical polarizer, HBF, QWP1, and
QWP2, respectively. And 6,, 6, and 6 are, respectively,
fast-axis orientation (azimuthal) angles of the HBF, QWP1,
and QWP2 with respect to the horizontal axis of the PBS,
assumed as the reference axis. Here, 7,,.(6,) = R(-6,)

0 ™ —sin@ cos@

Y :
{e 0 }R(Gh) and R(9) - [C"Se “"9] T (= 22BL/%)

is the phase difference between the fast and slow-axis
components of the light at the free space wavelength A,
which propagates through the HBF with the birefringence
B and length L.

Using RE and TR, the reflectivity R and transmittivity 7
of the filter can be calculated as follows:

12
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Depending on the set of 6, and &), both amplitude
(modulation depth) and maxima/minima transmission
wavelengths of the interference pattern in the filter spec-
trum change. In Egs. (3) and (4), it is notable that while
intensity distribution of the light going from two output
ports of the PBS and into two ports of the SBL depends on
input polarization, the proposed filter is independent of
input polarization, regardless of operation type (reflection
or transmission-type).

2.2 Types of Filter Operation

On the basis of Eq. (3), the function of the reflection-
type filter, as a rule, can be classified as four categories,
depending on the combination of the QWP angles. The
four categories are as follows: [a] a reflection-type inter-
leaving filter, [b] a reflection-type comb filter with large
channel isolation (> 30 dB), [c] a 100% reflector, and [d] a
reflection-type comb filter pair which can make the chan-
nel isolation of each one the same but cannot make each
one interleave with the other. For category [a], two inter-
leaved interference spectra like 7 phase-shifted spectrum
pair can be achieved using suitably chosen two sets of 6,
and 6, designated as interleaving sets, and this type of
operation cannot be achieved using only the SBF. Among
the four categories, category [a] is used for implementing
an interleaving filter.

Fig. 2(a) shows the calculated reflection spectra of the
filter at two interleaving sets of (6, &) for interleaving
operation:

solid line [@ _{(n —m+1) _%[(_1),1 _ (_1),,,]}%

.0, {(n +m—1) 7%[(—1)" +(=1)" ]}%J

and

dotted line [9,, _{(n —m) —%[(—l)” _(_l)q}%

., —{(n em-—{CD" +(—D"’}}§]

where n and m are integers. For general combinations except
interleaving sets, the filter has spectral characteristics like
those shown in Fig. 2(b) (solid line: category [b], dash-dotted
flat line: category [c], and two dashed and dotted lines: cate-
gory [d]). The solid line is obtained at the combinations of
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QWP angles (6, &) such as {9,1 _[2;1471}[, 0, —[2”471%},

where 7 is integer. While the channel isolation of the filter
is large (> 30 dB) in these combinations, there is no com-
bination of QWP angles making the reflection spectrum
have the same channel isolation and interleaved channel
location, compared with those of the spectrum plotted in a
solid line. The dash-dotted line is obtained at the combina-

tions such as [Qh—[%]ﬁ, 9h—[%]7r:| or (6, 6,) satisfying

6,-6,= [2m2—1]” where n and m are integers. In these

sets, the filter acts as a mirror with 100% reflectivity. Both
dashed and dotted lines are obtained at the combinations of

V4 V4 T S .
0,-—, §,——| and |6,-—, 6,-==|, respectively. At
(0% o) and [0 5. 03 espoctively

this pair of QWP combinations, the same channel isolation
can be achieved at two different channel locations, but
there is no combination pair making the separation be-
tween two adjacent channels a half-period, i.e., making the
channels interleave. At other combinations except those
described in categories [a], [b], and [c], the filter has spec-
tral characteristics similar to those of category [d]. All
cases, including categories [b], [c], and [d], were also con-
firmed by the experiments.
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Fig. 2. Calculated reflection spectra of the proposed filter at
(a) interleaving sets and (b) some other non-interleaving sets

From the comparison between Egs. (3) and (4), it is clear
that there is a complementary relationship between the
sinusoidal transmission and reflection spectra. Based on Eq.
(4), therefore, the function of the transmission-type filter
can also be classified as four categories, depending on the
combination of the QWP angles. Considering energy con-
servation, it is readily accepted that a transmission spec-
trum in each category has a complementary relationship
with a reflection one in the corresponding category.
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Fig. 3. Calculated transmission spectra of the proposed filter
at (a) interleaving sets and (b) some other non-
interleaving sets

The four categories are as follows: [a] a transmission-
type interleaving filter, [b] a transmission-type comb filter
with large channel isolation (> 30 dB), [c] a 100% absorber,
and [d] a transmission-type comb filter pair which can
make the channel isolation of each one the same but cannot
make each one interleave with the other. Similarly, with the
case of the reflection-type filter, category [a] is utilized for
implementing an interleaving filter among the four catego-
ries. Fig. 3(a) shows the calculated transmission spectra of
the filter at two interleaving sets of (6, &) for interleaving
operation. Fig. 3(b) shows the calculated transmission
spectra of the filter at some other non-interleaving sets
(solid line: category [b], dash-dotted flat line: category [c],
for simplicity, is omitted in the figure, and two dashed and
dotted lines: category [d]). In all cases, QWP combinations
are the same as those in the example of the reflection-type
filter, and the description of the filter function is also the
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same except for category [c] in which the filter can act as a
100% absorber. Similarly, all cases were experimentally
confirmed.

3. Experiments and Discussions

In order to demonstrate the predicted filter responses,
the proposed filter was fabricated as shown in Fig. 1, by
using a PBS (OZ Optics), HBFs (Fibercore), a 50:50 cou-
pler, and two QWPs (OZ Optics). Dots in the figure indi-
cate splicing points between the HBFs and single-mode
fibers (SMFs). B and L of Bow-tie type HBFs used in the
experiments were ~4.8x10™* and 6.25 m, respectively, and
L was determined so that the wavelength spacing (channel
spacing) between fringe maxima becomes 0.8 nm. The
channel spacing is inversely proportional to B and L of the
HBF and is given as A/BL (1.: center wavelength). An er-
bium-doped fiber amplifier was used as a broadband light
source for the characterization of the filter spectra, and the
transmission and reflection spectra of the filter were meas-
ured using an optical spectrum analyzer. To minimize the
effect of temperature-dependent birefringence of the HBF,
the ambient temperature of the HBF was constantly main-
tained by placing it within a thermally-insulated chamber
made of styrene foam filled with water and keeping the
water at a fixed temperature.
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Fig. 4. Measured (a) reflection and (b) transmission spectra
of the proposed filter at interleaving sets

Figs. 4(a) and 4(b) show the measured reflection and
transmission spectra of the filter at two interleaving sets,
respectively. QWP combinations for interleaving sets are
the same in two cases (reflection and transmission) because
the reflection and transmission are complementarily related.
Slight differences from the theoretical results in the ampli-
tude and wavelength location stem from the slight uneven-
ness in insertion losses of the 50:50 coupler and the PBS
and 6,’s different from those used in the calculation, re-
spectively. The typical channel isolations of the reflection
and transmission-type interleavers were measured as ~3
and ~18 dB, respectively. Insertion losses of the reflection
and transmission-type interleavers were measured as <
~6.1 and ~9.0 dB, respectively. In the case of the transmis-
sion-type interleaver, the channel isolation is much larger
than that of the reflection-type one, but a 3-dB insertion
loss is unavoidable due to the complementary nature of the
filter output. The insertion loss of the filter mainly comes
from those of two QWPs (totally ~1.5 dB), PBS (~0.93 dB
for one way, totally ~1.86 dB), coupler (~0.58 dB for one
way, totally ~1.16 dB), and fiber fusion splicing (~1.47 dB)
between the HBF and SMF. The insertion loss can be re-
duced by using low-loss waveplates and the PBS and by
improving the fusion splicing of fiber splices between the
HBF and SMF.
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Fig. 5. (a) Experimental setup to examine the input polariza-
tion independence of the filter and (b) measured
transmitted intensity spectra with respect to various
input polarizations
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Especially, in order to examine the input polarization
independence of the filter, the polarization sensitivity of the
output intensity spectrum was measured by placing an ad-
ditional PC (HP 8169 A) in front of the lead-in fiber (input
port of the filter), as shown in Fig. 5(a). During the meas-
urement, both one QWP and one half-wave plate, which
were contained (with one input polarizer) within the addi-
tional PC, were rotated in a random way each time, ensur-
ing that signal polarization had been varied over the entire
Poincaré sphere. The maximum polarization sensitivity
was measured as < ~0.5 dB from the measurement results
shown in Fig. 5(b), which could be affected by the polari-
zation sensitivity of the photodetector and the imperfection
of the PBS used in the experiments.
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Fig. 6. Measured reflection and transmission spectra of the
proposed filter at one of interleaving sets over a
broad wavelength range of 20 nm.

Fig. 6 shows the measured reflection and transmission
spectra as a dotted and solid-line at one of the interleaving
sets over a broad wavelength range of 20 nm, respectively.
As can be seen from the figure, it is confirmed that the re-
flection and transmission spectra have a complementary
relationship with each other in order to keep the law of
energy conservation. Spectral flatness was measured as <
0.12 dB with two QWPs fixed. In addition, the switching
speed of the proposed filter can be greatly enhanced by
employing electrically controllable PCs such as those using
lithium niobate structures with ns response times [7].

4. Conclusion

In conclusion, a broadband polarization-independent
multiwavelength-periodic filter was embodied and ana-
lyzed, which could make its channel interleave over a 20
nm band by adjusting the QWPs within the filter. The typi-
cal channel isolations of the reflection and transmission-
type interleavers were measured as ~3 and ~18 dB, respec-
tively. Insertion losses of the reflection and transmission-
type interleavers were measured as < ~6.1 and ~9.0 dB,
respectively. Switching the capability of the channel wave-
length of the proposed filter can give an expanded versatil-
ity to conventional SBFs whose spectral location is fixed. Of
particular note, the proposed filters can be applied to fiber

lasers and sensors as wavelength-selective interleavers [8].
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