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Proposed is a Lyot-type flat-top fibre multiwavelength filter based on a polarisation-diversity loop structure, which has flat-top and lossy
flat-top passbands and multiwavelength switching capability. The proposed filter is composed of a polarisation beam splitter, two half-
wave plates (HWPs) and two polarisation-maintaining fibre (PMF) loops concatenated with a 60° offset between their principal axes. One
of the two PMF loops is two times longer than the other. It is able to operate in a flat-top or a lossy flat-top band mode at the selected
combination of the azimuthal orientation angles of two HWPs. In particular, through the adjustment of the orientation angles of the two
HWPs, its multiwavelength channels can be interleaved in each mode, which cannot be realised in a previously reported Lyot-Sagnac
comb filter based on a fibre coupler. In addition to the channel interleaving capability, it provides narrower passbands compared with
previous fibre multiwavelength filters with the same order. To make a quantitative comparison between the passband bandwidths of the
proposed filter and other filters, both −1 and −3 dB passband bandwidths of a conventional zeroth-order, a Solc-type first-order and the
proposed multiwavelength filters were considered and compared with each other.
Figure 1 Schematic diagram of the proposed filter
1. Introduction: A polarisation-diversity loop structure (PDLS)
that can form a Sagnac interferometer loop using a polarisation
beam splitter (PBS) has been used for achieving input
polarisation independence in nonlinear optical switching
applications [1, 2]. This PDLS can be also employed to create
multiwavelength spectra induced by polarisation interference
based on birefringent elements and realise their switching in the
spectral domain [3, 4]. Switchable multiwavelength spectra can
be utilised for optical pulse train generation [5], high-speed
wavelength routing [6], optical label switching [7],
multiwavelength fibre lasers [8–10] and so forth [11–13]. The
wavelength switching of filter channels, which was not realised in
conventional fibre-coupler-based Sagnac birefringence filters [14],
was demonstrated in PDLS-based multiwavelength filters. In
particular, Solc-type PDLS-based multiwavelength filters were
also reported exhibiting high-order multiwavelength spectra with
flat-top passbands [15]. Although the PDLS has not yet been
utilised to embody Lyot-type multiwavelength filters, a
Lyot-Sagnac multiwavelength filter that showed flat-top or lossy
flat-top passbands was proposed by incorporating a fibre coupler
and two polarisation-maintaining fibre (PMF) loops [16]. In the
Lyot-Sagnac multiwavelength filter, two PMF loops were spliced
with a 2.93 rad offset between their principal axes, and one of
them was two times longer than the other [16]. However, its
high-order multiwavelength spectra were fixed in the wavelength
position and could not be switched. Another all-fibre Lyot filter
was used as a wavelength-selective filter inside the cavity of a
fibre laser [17]. However, high-order spectra were not
incorporated for the selection of lasing wavelengths. In addition,
an all-fibre Lyot filter based on 45°-tilted fibre gratings was also
reported, but its high-order transmission spectra was not
investigated and analysed [18]. In this Letter, we propose a
Lyot-type flat-top fibre multiwavelength filter based on the PDLS,
which has flat-top passbands and the capability of switching
multiwavelength channels. The proposed filter is composed of a
PBS, two half-wave plates (HWPs) and two PMF loops
concatenated with a 60° offset between their principal axes. One
of the two PMF loops is two times longer than the other. At a
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specific combination of the azimuthal orientation angles of the
two HWPs, flat-top and lossy flat-top transmission spectra can
be obtained. In particular, multiwavelength flat-top channels can
be interleaved, that is, shifted by half a period, through the
control of the two HWPs, which cannot be obtained in the
previous Lyot-Sagnac multiwavelength filter [16]. In comparison
with previous high-order fibre multiwavelength filters, the
proposed filter provides channel interleaving capability and
narrower passbands. The transmittance of the proposed filter was
theoretically analysed, and the theoretical prediction was verified
by experiments.

2. Theoretical analysis of filter operation: Fig. 1 shows the
schematic diagram of the Lyot-type flat-top fibre multiwavelength
filter based on the PDLS. Input light entering the PBS, which is
able to split input light into two orthogonal polarisation
components or combine them into one output fibre, is decomposed
into two orthogonal linearly polarised components. Linear
horizontal and vertical polarisation components rotate the Sagnac
loop of the PDLS in a clockwise (CW) direction and a
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counterclockwise (CCW) direction, respectively. Two HWPs are
placed at both ends of two concatenated PMF loops, spliced with a
60° offset between their principal axes, to control the polarisation
state of light propagating through the Sagnac loop. To implement
Lyot-type birefringence combination, PMF 2 was chosen to be
twice as long as PMF 1 [16]. Rotating light along the CW path
passes through the HWP 1, PMF 1, PMF 2 and HWP 2, and
rotating light along the CCW path the HWP 2, PMF 2, PMF 1 and
HWP 1 in turn. When passing through the PBS, light returning to
the PBS after a roundtrip experiences linear horizontal and vertical
polarisers in the CW and CCW directions, respectively.
The filter transmittance can be obtained from the mathematical

analysis based on Jones formulation [19]. As shown in (1), the
transfer matrix T of the proposed filter is expressed as the algebraic
sum of two transfer matrices TCW and TCCW. TCW and TCCW indicate
the transfer matrices of the proposed filter when light rotates it along
the CW and CCW paths, respectively:

T = TCW + TCCW (1)

TCW = 1 0
0 0

[ ]
TH2(uh2)TP2(u p2)TP1(u p1)TH1(uh1)

1 0
0 0

[ ]

TCCW = 0 0

0 1

[ ]
TH1(−uh1)TP1(−u p1)TP2(−u p2)TH2(−uh2)

× 0 0

0 1

[ ]

Here, TH1, TH2, TP1 and TP2 are Jones transfer matrices of HWP 1,
HWP 2, PMF 1 and PMF 2 that have orientation angles of θh1, θh2,
θp1 and θp2, respectively. θp2 = θp1 + 60° because the two PMF
loops are spliced with an offset angle of 60°. This angle offset
gives the filter the capability of flat-top band and interleaving oper-
ation. The filter transmittance t can be derived from the transfer
matrix T and is given by the following equation:

t = cos2
G

2

( )
cos2 G cos2 (2uh1 − 2uh2)
{

+ sin2 G cos2 (2uh1 + 2uh2 − 2u p2)
}

+ sin2
G

2

( )
cos2 G cos2 (2uh1 + 2uh2 − 2u p1)

{

+ sin2 G cos2 (2uh1 − 2uh2 − 2u p1 + 2u p2)
}

− cosG sin2 G sin (4uh1 − 2u p1) sin (4uh2 − 2u p2)

(2)

where Γ(=2πBL/λ) is a phase retardation difference between two
orthogonally polarised modes along the principal axes of the
PMF. It is generated because of birefringence B and length L of
PMF 1 (λ is the wavelength in vacuum). The phase retardation
difference of the HWPs was assumed to be independent of wave-
length, and any insertion losses of optical components were not
considered in the derivation of the filter transmittance.
From the filter transmittance in (2), various ideal (calculated)

transmission spectra can be obtained by changing the orientation
Table 1 Four specific flat-top band transmission modes of the proposed
filter

Transmission modes θh1 θh2

flat-top band mode (tf) (θp1 + π/4)/2 (θp1 + π/4)/2
interleaved flat-top band mode (tf,i) (θp1− π/4)/2
lossy flat-top band mode (tlf) (θp1 + 2π/17)/2 (θp1− 2π/17)/2 + π/4
interleaved lossy flat-top band mode
(tlf,i)

(θp1− 2π/17)/2
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angles (θh1, θh2) of the two HWPs (HWP 1 and HWP 2). At the spe-
cific (θh1, θh2) combination given by Table 1, the proposed filter
provides four specific transmission functions including flat-top
and lossy flat-top band transmission spectra and their interleaved
spectra. An interleaved spectrum signifies a spectrally shifted
version of the original spectrum, of which switching displacement
is half a channel spacing (or an interference period). tf, tf,i, tlf and
tlf,i, shown in (3)–(6), indicate the transmittances of the proposed
filter at these four specific transmission modes such as flat-top,
interleaved flat-top, lossy flat-top and interleaved lossy flat-top
band modes, respectively:

tf = − 1

4
cos3 G+ 3

4
cosG+ 1

2
(3)

tf ,i =
1

4
cos3 G− 3

4
cosG+ 1

2
(4)

tlf = a cos3 G+ b cos2 G+ g cosG+ d (5)

tlf ,i = −a cos3 G− b cos2 G− g cosG+ d (6)
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As can be found from Table 1 and (3)–(6), the proposed filter is able
to operate in a flat-top or a lossy flat-top band mode and be inter-
leaved in each mode by proper selection of the orientation angles
(θh1, θh2) of the two HWPs. Here, θh1 and θh2 have an angle sym-
metry of π/2 in (2) because of the intrinsic orientation angle sym-
metry of π in the HWP. Figs. 2a and b show the theoretically
Figure 2 Theoretically calculated transmission spectra
a Flat-top band mode
b Lossy flat-top band mode
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Figure 3 Theoretically calculated transmission spectra for three
non-optimal categories

Table 3 Comparison between theoretical and experimental FOMs

Theoretical FOMs Experimental FOMs

−1 dB
FOM,%

−3 dB
FOM,%

−1 dB
FOM,%

−3 dB
FOM,%

conventional zeroth-order
filter

30 50 – –

Solc-type first-order filter ∼47.1 ∼63.6 – –

proposed Lyot-type filter
(flat-top band mode)

∼36.4 50 ∼39 ∼52.7

proposed Lyot-type filter
(lossy flat-top band
mode)

∼61 ∼73.2 ∼62.8 ∼75
calculated ideal transmission spectra of the proposed filter, which
are plotted with filter transmittances in flat-top and lossy flat-top
band modes, given by (3) and (5), respectively. In the theoretical
visualisation shown in Fig. 2, the PMF birefringence was set as
4.8 × 10−4 and the length of PMF 1 was set as 6.25 m so that the
wavelength spacing between passband (channel) centres in the
transmission spectrum could be 0.8 nm at 1550 nm for further com-
parison with measured spectra.

In Fig. 2, dashed curves are the interleaved versions of solid
curves, and the transmission spectrum of the conventional Sagnac
birefringence filter was added for comparison as a dashed–dotted
curve. As can be seen from the Figure, the flat-top or lossy
flat-top transmission spectrum can be interleaved by adjusting
(θh1, θh2) of the two HWPs, which cannot be implemented in the
previous Lyot-Sagnac high-order multiwavelength filter. For
general combinations at other combinations of HWP angles, the
filter has spectral characteristics like those shown in Fig. 3 [(solid
line: category 1), (dashed and dotted lines: category 2) and
(dashed–dotted and dash-double–dotted lines: category 3)]. The
three categories are as follows: (i) a conventional (zeroth-order)
Sagnac birefringence filter (SBF) with a channel spacing of 0.4 nm
except an inherent insertion loss of 1.25 dB; (ii) a conventional
(zeroth-order) SBF with a channel spacing of 0.8 nm except an in-
herent insertion loss of 1.25 dB; and (iii) a second-order flat-top
passband filter with a channel spacing of 0.8 nm except a deterio-
rated band flatness and insertion loss. Moreover, categories 2 and
3 have interleaving capability. The specific HWP angle com-
binations for three non-optimal categories and corresponding
filter transmittances are shown in Table 2. These general cases
were also confirmed from the experiments. Moreover, compared
with a Solc-type high-order multiwavelength filter, the proposed
filter shows narrower passbands. Two figures of merit (FOM), indi-
cated as −1 and −3 dB FOMs, were defined as −1 and −3 dB band-
widths of the proposed filter divided by the channel spacing for the
quantitative comparison of the channel bandwidth, respectively.
The channel spacing was 0.8 nm in the calculation of theoretical
FOMs. As shown in Table 3, the theoretical −3 dB FOM was
Table 2 HWP angle combinations for three non-optimal categories and
corresponding transmittances

θh1 θh2 Transmittance

category 1 θp1/2 θp1/2 + π/4 (3/4)(1− cos2Γ)
category 2 (θp1 + π/6)/2 (θp1 + π/3)/2 (3/8)cosΓ + (3/8)
category 2
(interleaved)

(θp1− π/6)/2 −(3/8)cosΓ + (3/8)

category 3 (θp1 + π/3)/2 (θp1− π/6)/2 −(3/8)(cosΓ + 1)(cos2Γ− 2)
category 3
(interleaved)

((θp1− π/3)/2) (3/8)(cosΓ− 1)(cos2Γ− 2)
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evaluated as 50%, that is equal to that of the conventional filter,
but the theoretical −1 dB FOM was evaluated as ∼36.4%, which
was greater than that of the conventional one, implying a flattened
passband. Theoretical −1 and −3 dB FOMs were more than 10%
smaller than those of the previous Solc-type high-order multiwave-
length filter. This indicates that the proposed filter provides nar-
rower passbands than a Solc-type high-order multiwavelength
filter with the same order.

3. Experimental results and discussion: The four specific
transmission modes mentioned above were experimentally
investigated. To verify the theoretical results, the proposed filter
was fabricated as shown in Fig. 1. The length of PMF 2 was
tailored to be double in comparison with that of PMF 1, and
PMF 1 and PMF 2 were concatenated with a 60° angle offset
between their principal axes. Splicing points between two
bowtie-type PMFs are marked with diamond symbols in Fig. 1.
The PMF birefringence was ∼4.59 × 10−4, and the lengths of
PMF 1 and PMF 2 were ∼6.25 and ∼12.50 m, respectively,
which were tailored for the channel spacing to be ∼0.8 nm near
1550 nm. Figs. 4a and b show the measured transmission spectra
of the fabricated filter in flat-top and lossy flat-top band modes,
respectively. Like Fig. 2, dashed curves are interleaved versions
of solid curves in both flat-top band modes shown in the Figure.
A flat-top and a lossy flat-top band mode were obtained at (θh1,
θh2) = (126°, 234°) and (126°, 280°), and their interleaved
versions at (θh1, θh2) = (26°, 49°) and (4°, 49°), respectively. In
both modes, the switching displacement between the two
transmission curves, that is, solid and dashed curves, was
measured as ∼0.4 nm. It is confirmed from these experimental
results that the proposed filter can operate in a flat-top band mode
or a lossy flat-top band mode, and the multiwavelength filter
channel can be interleaved in those modes through the orientation
angle adjustment of the two HWPs. It is observed in Fig. 4 that
the spectral shape of the measured transmission spectra is very
similar to that of the theoretically predicted ones, except for the
decreased extinction ratio and the increased insertion loss. The
insertion losses were measured as ∼3.8 dB and ∼6.5 dB in the
flat-top and the lossy flat-top band modes, respectively. The
extinction ratios were measured as >22.8 dB and >14.2 dB in
the flat-top and lossy flat-top band modes, respectively. At other
wavelength bands beyond the spectral range shown in Fig. 4, the
extinction ratio of the proposed filter continues to decrease with
the increase of the wavelength deviation from 1550 nm and is
reduced down to 20 dB at a wavelength of 1547 nm or 1553 nm.
Deterioration of the insertion losses and the extinction ratios can
be caused by the wavelength dependency of the HWPs, tailoring
errors of the PMF length and the weak inherent birefringence of
the single-mode fibre used to connect optical components
comprising the proposed filter [20].

To make a quantitative comparison between the passband band-
widths of the proposed filter and other filters, both −1 and −3 dB
Micro & Nano Letters, 2014, Vol. 9, Iss. 12, pp. 858–861
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Figure 4 Experimentally measured transmission spectra
a Flat-top band mode
b Lossy flat-top band mode
passband bandwidths of a conventional zeroth-order filter, a
Solc-type first-order filter and the proposed filter (including the
flat-top and the lossy flat-top band modes) were considered and
compared with each other. Experimental −1 and −3 dB FOMs of
the proposed filter were evaluated using the measured −1 and −3
dB bandwidths of the proposed filter. As shown in Table 3, the ex-
perimental −1 and −3 dB FOMs were evaluated as ∼39 and
∼52.7% in the flat-top band mode and as ∼62.8 and ∼75% in the
lossy flat-top band mode, respectively. The difference between the-
oretical and experimental FOMs is within 2.6%. This FOM devi-
ation is expected to result from inherent birefringence of the
single-mode fibre and the tailoring error of the PMF. In particular,
although the lossy flat-top band mode is accompanied by the inher-
ent insertion loss of ∼3.49 dB, its theoretical −3 dB FOM increases
up to ∼73.2%, and its −1 dB FOM is improved more than twice in
comparison with that of the conventional zeroth-order filter. The
lossy flat-top band mode provides a bandwidth performance close
to the flat-top band mode of the Solc-type second-order filter that
employs three PMF loops. In addition, in the flat-top band mode
of the proposed filter, −1 and −3 dB FOMs are smaller by 10.7
and 13.6% than those of the Solc-type first-order filter, respectively.
The narrower passband of the proposed filter can be beneficially uti-
lised in reducing unwanted channel noises at spectral locations
deviated from a passband centre.

4. Conclusion: The Lyot-type flat-top fibre multiwavelength filter
was demonstrated by incorporating the PDLS. The proposed filter
has polarisation-independent flat-top passbands and multiwave-
length switching capability. The high-order transmission function
was realised by concatenating two PMF loops with different lengths
in the PDLS according to the Lyot-type arrangement of
birefringence elements. By controlling the two HWPs, high-order
Micro & Nano Letters, 2014, Vol. 9, Iss. 12, pp. 858–861
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transmission spectra such as the flat-top and the lossy flat-top
transmission spectra could be obtained, and flat-top passbands could
be also interleaved in both modes, which could not be obtained in
the previous Lyot-Sagnac comb filter based on a fibre coupler.
Experimental −1 and −3 dB FOMs for bandwidth comparison were
evaluated as ∼39 and ∼52.7% in the flat-top band mode and ∼62.8
and ∼75% in the lossy flat-top band mode, respectively. In
particular, the proposed filter provides narrower passbands,
compared with a Solc-type first-order multiwavelength filter.
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