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a b s t r a c t

In this paper we study theoretically and experimentally a wavelength-tuneable Sagnac birefringence

filter. The device is a Sagnac interferometer including a symmetric fibre coupler and a length of high-

birefringence fibre in the loop. A wave retarder is inserted at each end of the birefringent fibre for

absolute wavelength tuning. We show theoretically that wavelength tuning through wave plate

orientation ensuring constant amplitude of the filtering function is possible only if a minimum of two

wave retarders are included in the setup. The position of the transmission peaks then varies linearly

with the angle of one of the retarders and can be adjusted over one entire channel spacing. This happens

only when a quarter-wave retarder and a half-wave retarder are used, if the former is oriented at 451

with respect to the fibre birefringence axes, while the orientation of the latter serves as the adjustment

parameter. The theoretical predictions are confirmed by the experimental results.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Several emerging applications like wavelength division multi-
plexing (WDM), optical fibre sensors and spectroscopy rely on the
generation and processing of multiwavelength signals. The
development of all-fibre multiwavelength sources, able to gen-
erate a comb of closely spaced wavelengths extending over a wide
bandwidth is crucial for these applications. Such novel devices in
turn require the development of periodic all-fibre filters. The main
categories of comb filters include Fabry–Perot cavities [1–4],
Mach–Zehnder interferometers [5], fibre Bragg gratings [1,6–8]
and filters based on fibre birefringence [9,10], in particular the
Sagnac birefringence filter [11–20].

The Sagnac birefringence filter is fabricated simply by inserting
a high-birefringence fibre (HiBiF) in a Sagnac loop, producing a
nearly periodic, sinusoidal filtering function [21]. Compared with
other all-fibre schemes, the Sagnac filter offers several advantages.
Besides its simple design, the Sagnac structure, in which the two
beams propagate along the same path, is more robust to
environmental changes than other interferometric schemes.
Another key advantage of the device is its polarisation indepen-
dence [21], which makes it compatible with randomly polarised
light from ordinary fibre transmission systems. Finally, the
spectral comb function intrinsically extends over a wide band-
width, whereas the bandwidth of one individual channel
transmission window only depends on the loop birefringence,
ll rights reserved.

: +52 4774414209.
and can thus be made arbitrarily narrow. It was also shown that,
by including several birefringent fibre segments in the loop, a
high-order filtering function can be obtained [22–24], as well as a
discretely tuneable channel spacing [11,12,17].

Another crucial aspect of comb filters is wavelength tunability.
Indeed, for WDM applications in particular, it is important to
control the absolute wavelength positions of the maxima of the
periodic filtering function, while the channel spacing is main-
tained constant. Such wavelength tuning can be achieved by
adjusting the fibre birefringence, either by applying a tension or
pressure to the fibre [25], or by controlling its temperature [26–
28]. While the first method can increase losses and eventually
lead to fibre breaking, temperature control yields slow response.
Other methods allow electrical wavelength control through the
use of an electrooptic birefringence modulator [12,29] or optical
control by using a semiconductor optical amplifier [30]. In spite of
their cost, such methods allow convenient remote wavelength
control and ensure short response times. Finally, a cheap and
convenient wavelength tuning method consists in adjusting the
orientation of several wave retarders (WRs) inserted in the loop
[11,14,16–18].

It was soon realized that the use of WRs in conjunction with
polarisers allows tuneable filtering action [9,31,32], however
polarisers are responsible for large signal amplitude fluctuations
when used in conventional randomly polarised transmission
systems. In contrast, polarisation-independent tuneable filtering
can be obtained without polarisers if the WRs are inserted in a
birefringent Sagnac scheme. In [11], wavelength tuning is
demonstrated using a scheme including two quarter-WRs in the
loop, however the simultaneous adjustment of the two retarders
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is required, and large variations of the amplitude of the
transmission peaks were observed during the adjustment. It was
also demonstrated recently that wavelength tuning is even
possible with only one WR in the birefringent loop, although the
adjustment of the retarder angle still induces wide amplitude
variations [16]. These amplitude variations (or variations of the
filter insertion loss) are detrimental for several applications. In
tuneable lasers for example, they induce changes of the cavity
loss, thus of the laser output power. In the case of multi-
wavelength sources, cavity loss variations can even modify
indirectly the relative power between channels, by altering the
gain spectrum [16]. Hence some effort should be made to design a
filter ensuring wavelength tuning without amplitude variations.
In [33], a scheme was proposed for constant-amplitude wave-
length tuning. For this scheme, three WRs were used, and a
polarisation beam splitter replaced the conventional coupler. In
spite of the increased complexity and cost, the device is attractive
because it allows wavelength tuning with maximal ( ¼ 1)
amplitude of transmission peaks and minimal transmission ¼ 0
(infinite extinction ratio). This only occurs however for particular
orientations of two of the WRs included in the setup [14]. For
different WRs settings, peak power is no longer maximal and
channel isolation is finite (in contrast, extinction ratio is
theoretically infinite for a Sagnac filter including a conventional
50/50 coupler [21]).

Although it has been demonstrated that the adjustment of the
orientation of one or several WRs inserted in the loop allows
absolute wavelength tuning of a Sagnac birefringence filter, it is
not clear in what conditions this operation is possible without
affecting the amplitude of the peaks. Besides, although half- and
quarter-WRs have been used, no clear justification has been
provided for the choice of the phase shift and orientation of the
retarders, or for determining which WR(s) orientation would
serve as adjustment parameter(s). In this paper we determine the
minimal number of WRs that have to be inserted in the loop for
wavelength tuning without variation of the amplitude of the
filtering function, as well as the values of phase shift and
orientation of the WRs together with the adjustment procedure
that ensure proper wavelength tuning operation.
2. Numerical analysis

The proposed setup is shown in Fig. 1. The filter includes a 50/
50 coupler, a section of HiBiF and two WRs (WR1 and WR2)
inserted between the ends of the HiBiF and the coupler output
ports. The reference system is chosen so that the x-axis is included
in the plane of the loop, and the y-axis is perpendicular to it. The
birefringence axes of the HiBiF make an angle aF with respect to
the axes of the reference system, whereas the WR1 and WR2 are
oriented at angles a1 and a2, respectively.
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Fig. 1. Configuration under study.
In the linear [ux,uy] polarisation basis, if their birefringence
axes are parallel to the reference axes (a1 ¼ a2 ¼ 0), the Jones
matrixes of the WR1 and WR2 are given by

WRiðfi;0Þ ¼
ejfi=2 0

0 e�jfi=2

" #
; ð1Þ

where fi, i ¼ 1, 2 are the wave plates phase shifts. We assume that
the fi do not depend on wavelength, a valid approximation for
zero-order retarders as far as the considered bandwidth is not too
large. If now aia0, the Jones matrixes can be obtained using Eq.
(1) and the rotation matrixes

RðaiÞ ¼
cosðaiÞ �sinðaiÞ

sinðaiÞ cosðaiÞ

" #
; ð2Þ

yielding

WRiðfi;aiÞ ¼ RðaiÞ �WRiðfi;0Þ

� RðaiÞ
�1

¼
cosðfi=2Þ þ jcosð2aiÞsinðfi=2Þ 2jsinðaiÞcosðaiÞsinðfi=2Þ

2jsinðaiÞcosðaiÞsinðfi=2Þ cosðfi=2Þ � jcosð2aiÞsinðfi=2ÞÞ

" #
:

ð3Þ

If aF ¼ 0, the Jones matrix of the HiBiF is given by

Fð0Þ ¼
ejG=2 0

0 e�jG=2

" #
; ð4Þ

where G ¼ 2pBL/l0 ¼ 2pL/LB, B is the birefringence parameter
(refractive index difference between slow and fast axes), L the
fibre length, l0 the wavelength in vacuum and LB ¼ l0/B the beat
length. Hence it appears that G, and thus F depend on the
wavelength. The matrix F(aF) of the HiBiF oriented at an angle aF is
readily obtained using Eq. (3), replacing ai by aF and fi by G. Using
Eqs. (3) and (4), the Jones matrix M of the loop in the clockwise
direction can be calculated as

M ¼WR2ðf2;a2Þ � FðaF Þ �WR1ðf1;a1Þ: ð5Þ

It has been shown that, if M12 is the coupling term (off-
diagonal) of the M matrix, then the power transfer function of the
Sagnac filter is given by T ¼ Im(M12)2 [21]. After calculating M12

according to Eq. (5) and after some algebraic manipulations using
trigonometric identities, we find

ImðM12Þ ¼ UcosðG=2Þ þ VsinðG=2Þ;

U ¼ sinð2a1Þsinðf1=2Þcosðf2=2Þ

þsinð2a2Þcosðf1=2Þsinðf2=2Þ;

V ¼ sinð2aF Þcosðf1=2Þcosðf2=2Þ

�sinð2a1 þ 2a2 � 2aF Þsinðf1=2Þsinðf2=2Þ: ð6Þ

Eq. (6) can also be written as

ImðM12Þ ¼ AcosðG=2� wÞ; ð7Þ

where the amplitude A ¼ O(U2+V2) and the phase parameter w is
given by cos(w) ¼ U/A and sin(w) ¼ V/A. By use of Eq. (6), the
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amplitude can be calculated as

A2 ¼
1

2
cos2ðf1=2Þsin2

ðf2=2Þ þ
1

2
sin2
ðf1=2Þcos2ðf2=2Þ

þ
1

2
sin2
ðf1=2Þsin2

ðf2=2Þ

�
1

2
cosð4a2Þcos2ðf1=2Þsin2

ðf2=2Þ

�
1

2
cosð4a1Þsin2

ðf1=2Þcos2ðf2=2Þ

�
1

2
cosð4a1 þ 4a2 � 4aF Þsin2

ðf1=2Þsin2
ðf2=2Þ

þ
1

2
sinð2a1Þsinð2a2Þsinðf1Þsinðf2Þ

�
1

2
sinð2a1 þ 2a2 � 2aF Þsinð2aF Þsinðf1Þsinðf2Þ

þ sin2
ð2aF Þcos2ðf1=2Þcos2ðf2=2Þ: ð8Þ

Finally, the power transfer function of the Sagnac filter is given
by

T ¼ ImðM12Þ
2
¼

A2

2
þ

A2

2
cosðG� 2wÞ: ð9Þ

Eq. (9) shows that the transmission spectrum of the Sagnac
filter is a sinusoidal function of G ¼ 2pBL/l0. If the wavelengths of
interest extend over a narrow range about a particular value l0c,
i.e. l0 ¼ l0c+Dl with Dl5l0c, then we have that GE�2pBL/
l0c

2
�Dl ¼ �2pL/LB/l0c�Dl, so that Eq. (9) is a nearly sinusoidal

function of wavelength, whose period (or channel spacing)
Dl(G ¼ 2p) ¼ l0cLB/L is inversely proportional to the fibre bi-
refringence and length. Eqs. (6)–(9) also show that the amplitude
and phase of the filtering function are both determined by the
wave plate parameters f1, f2, a1, a2 and aF. If we assume that f1,
f2 and aF are fixed, the adjustment of either a1 or a2 modifies
simultaneously both A and w in general. Finally, it has to be
stressed that, according to Eq. (9), minimal transmission is ¼ 0,
which ensures that the extinction ratio (or channel isolation) is
infinite, whatever the values of the wave plate parameters.
2.1. Case of one retarder

Let us first assume that one of the retarders shown in Fig. 1, say
WR2, is absent from the setup (f2 ¼ 0). In this case, using Eqs. (6)
and (8), it comes that U ¼ sin(2a1)sin(f1/2), V ¼ sin(2aF)cos(f1/2)
and A2

¼ sin2(2a1)sin2(f1/2)+sin2(2aF)cos2(f1/2). As tg(w) ¼ V/
U ¼ sin(2aF)atan(f1/2)/sin(2a1) varies continuously with a1, the
WR orientation offers a possibility of wavelength tuning for
various values of the phase shift f1, as it was noted in [16]. The
adjustment possibilities also depend on aF. In the particular case
aF ¼ 0, we find that cos(w) ¼ U/A ¼71 and thus w ¼ 0 or p, which
removes all possibility of continuous adjustment of w through a1

whatever the value of f1 (in this case, only the amplitude of the
transmission curve can be adjusted through a1). For other values
of aF, wavelength tuning is possible, however the amplitude A2 of
the filtering function also varies with a1 [16], except in the trivial
case where f1 ¼ 0 (no WR in the loop, thus no adjustment
possibility). As a consequence, for constant-amplitude absolute
wavelength tuning of the filtering function through the orienta-
tion of a wave retarder, a second retarder must be introduced in
the setup.
2.2. Case of two retarders

If both f1 and f2a0, a numerical analysis of Eqs. (6)–(9)
shows that there exists the possibility to adjust w by way of one of
the plates orientation. However in most cases this adjustment will
also affect the amplitude of the filtering curve. There is one
particular configuration however for which the adjustment of one
plate orientation allows wavelength tuning without affecting the
curve amplitude.

Let us consider a2 as fixed and take a1 as the adjustment
parameter. First, we look for a condition on parameters f1, f2, a2

and aF ensuring that the amplitude A2 is not a function of a1. In Eq.
(8), the first four terms and the last term are constant in a1, the
fifth and sixth terms oscillate as the cosine of 4a1, and the seventh
and eighth terms as the sine of 2a1. Parameter A2 will be
independent of a1 if the coefficients of both oscillations in 4a1

and in 2a1 cancel out. From Eq. (8), the first condition is fulfilled if

a2 � aF ¼ 0þ kp=2

sin2
ðf1=2Þ ¼ 0

or
a2 � aF ¼ p=4þ kp=2

sin2
ðf1=2Þcosðf2Þ ¼ 0

;

((
ð10Þ

where k is an integer. Note that Eq. (10) includes two possibilities.
The left-hand relations yield f1 ¼ 0+2kp, which has to be rejected
as it amounts to removing one wave plate from the system (see
Section 2.1). The right-hand relations yield either f1 ¼ 0 (again to
be rejected) or f2 ¼ p/2+kp. The WR2 orientation is also imposed
with respect to the HiBiF by a2�aF ¼ p/4+kp/2. Finally, taking into
account these values of a2�aF and f2, the cancellation of the
sin(2a1) terms in Eq. (8) imposes the condition f1 ¼ 0+kp. After
rejecting again the solutions f1 ¼ 0+2kp, it remains that
f1 ¼ p+2kp. In summary, a necessary condition for constant-
amplitude wavelength adjustment through the WR1 angle is that
the WR1 be a half-WR, whereas the WR2 is a quarter-WR (or
alternatively a three-quarters WR) oriented at a fixed p/4 angle
with respect to the HiBiF birefringence axes. Finally, owing to the
symmetry presented by Eqs. (6) and (8), a similar solution can be
found if we take a2 as adjustment parameter (in this case, WR2 is
the half-WR and WR1 the quarter-WR oriented at p/4).

The parameters derived in the above guarantee that adjusting
the WR1 angle a1 will not modify the amplitude of the filter
transmission, however it should now be verified that the phase of
the sinusoidal filtering function w varies effectively with a1. Using
Eqs. (6) and (8), assuming zero-order retarders with f2 ¼ p/2,
a2�aF ¼ p/4 and f1 ¼ p, it comes that A ¼ O2/2, cos(w) ¼ U/
A ¼ sin(2a1) and sin(w) ¼ V/A ¼ �cos(2a1), so that w ¼ 2a1�p/2.
Hence the phase w of the transmission characteristic varies
linearly with a1. Using Eq. (9), the filter transmission is given by

T ¼
1

4
�

1

4
cosðG� 4a1Þ: ð11Þ

Eq. (11) shows that adjusting the WR1 angle a1 over a quarter
of a turn allows tuning the maxima of the sinusoidal filtering
characteristic of the filter over an entire spectral period, without
modifying the curve amplitude, which is Tmax ¼ 0.5 in all cases.
Also, for each adjustment, the minimal transmission Tmin ¼ 0 for
wavelengths at which G�4a1 is an integer multiple of 2p, yielding
infinite extinction ratio. It is also interesting to note that this
mode of operation can be obtained for any value aF of the HiBiF
orientation, provided that the WR2 is oriented in each case at p/4
with respect to the HiBiF axes. This result is of practical
importance, as it is difficult to set with precision the value of
this parameter experimentally [16]. Fig. 2 shows the spectrum
calculated in this case for several adjustments of a1.
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Fig. 2. Calculated Sagnac filter transmission spectra in the 1540 nm region, for

LB ¼ 4.15 mm and L ¼ 1 m, f1 ¼ p, f2 ¼ p/2, a2�aF ¼ p/4 and a1 ¼ 0 (solid), p/6

(dashed) and p/3 (dotted).

1.53 1.535 1.54 1.545 1.55
0

0.2

0.4

0.6

0.8

1

1.53 1.535 1.54 1.545 1.55
0

0.2

0.4

0.6

0.8

1

Wavelength (µm)Wavelength (µm)

Tr
an
sm
is
si
on

Tr
an
sm
is
si
on

Fig. 3. Calculated Sagnac filter transmission spectra in the 1540 nm region, for

LB ¼ 4.15 mm and L ¼ 1 m, f1 ¼ f2 ¼ p/2, a2 ¼ p/4, aF ¼ 0 and a1 ¼ �p/4 (solid),
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Fig. 4. Experimental transmission spectra of the Sagnac filter including a quarter-

WR and a half-WR, for various orientations of the half-WR, when the quarter-WR is

set at a fixed angle ensuring nearly constant filtering amplitude.
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As a counter-example, let us consider the case where two
quarter-wave plates are used. Taking f1 ¼ f2 ¼ p/2, a2 ¼ p/4 and
aF ¼ 0, Eqs. (6) and (8) yield A ¼ |cos(a1�p/4)|, U ¼ cos2(a1�p/4)
and V ¼ sin(a1�p/4)cos(a1�p/4), and the transmission is given by

T ¼
1

2
cos2ða1 � p=4Þ � 1þ cos½G� 2ða1 � p=4Þ�

� �
: ð12Þ

The transmission spectra calculated for several values of a1 are
presented in Fig. 3. Eq. (12) shows that a1 still allows adjusting
linearly the position of the transmission maxima over an entire
period, however this tuning also strongly affects the amplitude of
the filtering curve, which varies between 1 and 0. Hence in
practice the wavelength tunability range is effectively reduced to
the values of the WR angle for which the insertion loss of the filter
presents acceptable values.

For values of the WR parameters different from those
discussed above, the adjustment of one of the WRs orientation
over half a turn leads to a rather complex evolution of the
sinusoidal transmission spectrum. As already mentioned, this
adjustment allows wavelength tuning of the transmission peaks,
although the range of variation may be limited to less than one
period. This adjustment is also accompanied by large variations of
the amplitude of the transmission curve, although we found that
the minimal amplitude is not as small as zero in all cases. Limited
wavelength tuning range and amplitude variations are obtained
for example for the Sagnac filter including a half-WR and a
quarter-WR, if the former is fixed and the latter is used for
adjustment (contrary to the case of Fig. 2).
3. Experiment

In order to verify experimentally the analytical predictions, a
fibre Sagnac filter was constructed. The Sagnac interferometer
included a 50/50 standard fibre coupler, L ¼ 1 m of HiBiF (beat
length LBo5 mm at 1550 nm) and 2 fibre WRs inserted at the fibre
ends. For the measurements, we used the spontaneous emission
of an erbium-doped fibre pumped at 980 nm as a broadband
source in the 1550 nm region. Using an optical spectrum analyser,
we measured the signal spectrum at the filter input (with a 90/10
coupler) and output. The filtering curve was obtained for each
adjustment by making the ratio between output and input
spectra. As expected, a nearly sinusoidal transmission spectrum
was observed, with a period of �6.4 nm, a value consistent with
the value calculated from L ¼ 1 m and LB ¼ 5 mm at the signal
wavelength l0c ¼ 1550 nm: Dl(G ¼ 2p) ¼ l0cLB/L ¼ 7.7 nm. Small
differences in the amplitude of successive peaks were observed,
which can be attributed to some dependence of the WRs phase
shifts on wavelength over the 20 nm range.

In a first experiment, we used a quarter-WR and a half-WR. For
a particular orientation of the quarter-WR, adjusting the orienta-
tion of the half-WR over �901 allowed linear tuning of the
position of the maxima over one period while their amplitude was
kept nearly constant (Fig. 4, compare with Fig. 2). The amplitude
of the transmission curve in all cases is �0.4 (�4 dB insertion
loss), which is smaller than the theoretical value of 0.5. This
difference can be attributed to excess losses, in particular
resulting from the two fusion splices between the HiBiF and the
standard fibre of the coupler pigtails. Hence, the theoretical 3 dB
loss that appears in this mode of operation, increased by
additional excess losses, yields a rather high value for the
insertion loss of the filter. This value however is not higher than
the values obtained with other, more complex schemes, for which
excess loss is high [33]. As the half-WR is rotated, the transmission
peaks are shifted and also undergo a small and slow amplitude
variation, which is visible in Fig. 4 over the 20 nm span. This can
be attributed to wavelength dependence of the WRs phase shifts,
as it was confirmed by numerical simulations in which this
dependence was taken into account. In addition to this, some
amplitude variation between successive peaks is also observed in
Fig. 4, which we attribute to small variations of the source
spectrum with time, as the spectra at the filter input and output
were not measured exactly at the same time. The channel
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Fig. 5. Experimental transmission spectra of the Sagnac filter including two

quarter-WRs, for various orientations of one of the plates, when the other is fixed.
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isolation (ratio between crests and valleys) was �25 dB, a value
limited mainly by the imperfect symmetry of the coupler.

In a second experiment, we conserved the same adjustment of
the fixed quarter-WR, and we replaced the half-WR by a second
quarter-WR. Adjusting the orientation of this retarder over a range
of �1801 yielded a linear variation of the position of the spectrum
maxima over one period, while their amplitude varied between a
maximum value and nearly zero (see Fig. 5, compare with Fig. 3).
The maximal amplitude of the peaks is �0.7, smaller than the
theoretical value of 1. The difference again can be attributed
mainly to splice losses.

It has to be noted that, although the filter period in the
numerical analysis is matched to the experimentally measured
period, the corresponding transmission peaks are shifted (com-
pare Figs. 2 and 4, and Figs. 3 and 5). The values of fibre length and
birefringence used in the numerical analysis were chosen in order
to fit the experimentally measured filter period of 6.4 nm,
however they did not ensure absolute wavelength matching,
which requires very precise adjustment of these parameters.
Indeed, for a given deviation of the ratio L/LB with respect to the
exact experimental value, the absolute wavelength shift is L/LB

(�240 in this case) times larger than the period variation.
Absolute wavelength matching of the transmission peaks can be
easily performed by a fine adjustment of L and LB, however it has
poor practical interest, considering that it would not alter our
conclusions and that the magnitude of such changes is compar-
able with the variations of fibre length and birefringence that may
occur in practice due to temperature changes.

The temperature dependence of the fibre length and birefrin-
gence, and the resulting wavelength shift of the transmission
peaks is an issue for some applications of Sagnac comb filters, in
which case a temperature control of the birefringent fibre is
required [26–28]. Another solution consists in using a polarisa-
tion-maintaining photonic crystal fibre in the loop, for which the
temperature dependence of birefringence is strongly reduced
compared to conventional HiBiF [34]. In our experiment, no
substantial temperature-related shift of the filter spectrum was
observed, however the laboratory temperature was quite stable
for the duration of the experiment, and such wavelength shifts
would be expected under temperature changes.
4. Conclusion

We performed a theoretical and experimental study of a
wavelength-tuneable Sagnac birefringence filter including a 50/50
coupler, a HiBiF loop and two WRs inserted at the coupler output
ports. Wavelength tuning is achieved by WR rotation. First, we
showed that the use of only one wave plate in the setup allows
wavelength tuning at the price of large variations in the amplitude
of the peaks of the filtering curve. If now two WRs are included in
the loop, in general adjusting the orientation of one of the WRs
allows wavelength tuning, but large amplitude variations of the
transmission peaks still appear in most cases. We showed
however that, if a quarter-WR and a half-WR are used, and if
the quarter-WR is set at an angle of 451 with the fibre axes, then
adjusting the orientation of the half-WR allows linear wavelength
tuning over an entire channel spacing without variation of the
amplitude of the filtering function. Such ideal adjustment
procedure is possible however at the price of an intrinsic 3 dB
insertion loss. The experimentally measured insertion loss was
4.1 dB, a value which also includes excess losses. In spite of this,
this scheme constitutes the minimal configuration for constant-
amplitude wavelength tuning through WR rotation, and we
believe that it will be useful for the design of tuneable multi-
wavelength sources in particular in the frame of WDM systems
and fibre sensors.
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multifrequency erbium-doped fiber lasers anchored on the ITU frequency
grid. J Lightwave Technol 2000;18:825–31.

[4] Feng X, Tam H-Y, Wai PKA. Stable and uniform multiwavelength erbium-
doped fiber laser using nonlinear polarization rotation. Opt Express
2006;14:8205–10.

[5] Chen D, Qin S, He S. Channel-spacing-tunable multi-wavelength fiber ring
laser with hybrid Raman and Erbium-doped fiber gains. Opt Express
2007;15:930–5.

[6] Wei D, Li T, Zhao Y, Jian S. Multiwavelength erbium-doped fiber ring lasers
with overlap-written fiber Bragg gratings. Opt Lett 2000;25:1150–2.

[7] Liu X, Zhou X, Tang X, Ng J, Hao J, Chai TY, et al. Switchable and tunable
multiwavelength erbium-doped fiber laser with fiber Bragg gratings and
photonic crystal fiber. IEEE Photon Technol Lett 2005;17:1626–8.

[8] Feng X, Tam H-Y, Wai PKA. Switchable multiwavelength erbium-doped fiber
laser with a multimode fiber Bragg grating and photonic crystal fiber. IEEE
Photon Technol Lett 2006;18:1088–90.

[9] Park N, Wysocki PF. 24-line multiwavelength operation of erbium-doped
fiber-ring laser. IEEE Photon Technol Lett 1996;8:1459–61.

[10] Yamashita S, Baba T. Spacing-tunable multiwavelength fibre laser. Electron
Lett 2001;37:1015–17.

[11] Kim CS, Sova RM, Kang JU. Tunable multi-wavelength all-fiber Raman source
using fiber Sagnac loop filter. Opt Commun 2003;218:291–5.

[12] Kim CS, Kang JU. Multiwavelength switching of Raman fiber ring laser
incorporating composite polarization-maintaining fiber Lyot–Sagnac filter.
Appl Opt 2004;43:3151–7.

[13] Lee YW, Jung J, Lee B. Multiwavelength-switchable SOA-fiber ring laser based
on polarization-maintaining fiber loop mirror and polarization beam splitter.
IEEE Photon Technol Lett 2004;16:54–6.

[14] Yoon I, Lee YW, Jung J, Lee B. Tunable multiwavelength fiber laser employing a
comb filter based on a polarization-diversity loop configuration. J Lightwave
Technol 2006;24:1805–11.

[15] Qin S, Chen D, Tang Y, He S. Stable and uniform multi-wavelength fiber laser
based on hybrid Raman and Erbium-doped fiber gains. Opt Express
2006;14:10522–7.

[16] Mirza MA, Stewart G. Theory and design of a simple tunable Sagnac loop filter
for multiwavelength fiber lasers. Appl Opt 2008;47:5242–52.

[17] Han YG, Lee SB. Flexibly tunable multi-wavelength erbium doped fiber laser
based on four-wave mixing effect in dispersion shifted fibers. Opt Express
2005;13:10134–9.

[18] Hu S, Zhan L, Song YJ, Li W, Luo SY, Xia YX. Switchable multiwavelength
erbium-doped fiber ring laser with a multisection high-birefringence fiber
loop mirror. IEEE Photon Technol Lett 2005;17:1387–9.



ARTICLE IN PRESS

O. Pottiez et al. / Optics & Laser Technology 42 (2010) 403–408408
[19] Xiu-jie J, Yan-ge L, Li-bin S, Zhan-cheng G, Sheng-gui F, Gui-yun K, et al. A
tunable narrow-line-width multi-wavelength Er-doped fiber laser based on a
high birefringence fiber ring mirror and an auto-tracking filter. Opt Commun
2008;281:90–3.

[20] Mirza MA, Stewart G. Multiwavelength operation of erbium-doped fiber
lasers by periodic filtering and phase modulation. J Lightwave Technol
2009;27:1034–44.

[21] Fang X, Claus LO. Polarization-independent all-fiber wavelength-division
multiplexer based on a Sagnac interferometer. Opt Lett 1995;20:2146–8.

[22] Fang X, Li H, Allen T, Demarest K, Pelz L. A compound high-order polarization-
independent birefringence filter using Sagnac Interferometers. IEEE Photon
Technol Lett 1997;9:458–60.

[23] Han Y, Li Q, Liu X, Zhou B. Architecture of high-order all-fiber birefringent
filters by the use of the Sagnac Interferometer. IEEE Photon Technol Lett
2009;11:90–2.

[24] Lee YW, Kim H-T, Lee YW. Second-order all-fiber comb filter based on
polarization-diversity loop configuration. Opt Express 2008;16:3871–6.

[25] Shiquan Y, Zhaohui L, Xiaoyi D, Shuzhong Y, Guiyun K, Qida Z. Generation of
wavelength-switched optical pulse from a fiber ring laser with an F–P
semiconductor modulator and a HiBi fiber loop mirror. IEEE Photon Technol
Lett 2002;14:774–6.

[26] Libatique NJC, Jain RK. A broadly tunable wavelength-selectable WDM source
using a fiber Sagnac loop filter. IEEE Photon Technol Lett 2001;13:1283–5.

[27] Huixtlaca-Cuatecatl I, Beltran-Perez G, Castillo-Mixcoatl J, Muñoz-Aguirre S.
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