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Abstract 

In this work, we present a single-mode fiber fully controlled Lyot filter based on bend-induced linear 
birefringence with tension. The filter consists of 22.6 m of standard fiber coiled onto a 1.8792 cm 
radius cylinder. By increasing the fiber strain, the filter period can be dynamically varied from 70 to 
30 nm. Also, the filter can be continuously tuned by adjusting the retardance of a variable wave 
retarder and in modulation depth from 0 to 1. The experimental results are supported by numerical 
simulations based on the Jones matrix formulation. 
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1. Introduction 

All-fiber technology is highly desirable in many industrial applications and scientific research due to 

its numerous advantages such as compactness, low cost, free of alignment, and high stability [1, 2]. 

Particularly, several applications such as sensors [2], imaging [3], optical communications [4], and 

continuous [5] and pulsed [6] tunable fiber lasers have the need to control the spectral width and to 

tune the central wavelength independently to improve its versatility and performance. To achieve it, 

several wavelength filter types such as fiber Bragg gratings (FBG) [7], interferometer filters [6], and 

birefringent fiber filters [8-11] have been proposed. The latter offers some advantages over the 

previous ones since are easy to fabricate and implement. The Lyot filter (LF) is a type of birefringent 

filter whose simplest implementation consists of a highly birefringent element inserted between two 

polarizers to induce wavelength-dependent modulation [11, 12]. In optical fiber, the LF is usually 

implemented with polarization-maintaining fiber (PMF), since it is a highly birefringent element 

whose birefringence can be varied by temperature or strain [13]. The LF has been numerically and 

experimentally investigated to enhance its performance and tunability; however, the improvement 

characteristics are usually independent or range-limited [14, 15]. Zhu et al. [16] demonstrate an 

ultra-broad period bend-induced birefringent LF by coiling 25-m of single-mode fiber (SMF-28) onto 

a 6.5 cm radius cylinder. By means of polarization controllers (PC), the LF shows different slope and 

amplitude transmission as gain-tilt spectral equalizers to balance an Erbium-doped fiber gain 

spectrum. Later [17], he proposed a constant period LF which can be dynamically tuned 30 nm by 

adjusting the PC, however, the modulation depth did not remain constant during tuning. Ding et al. 

[18] reported a LF built with a variable wave retarder (VWR) and a segment of PMF. The LF was 



continuously tuned 13.9 nm between 1036.6 and 1050.5 nm and in modulation depth in a controlled 

manner, nevertheless, no experimental or numerical details were given. Recently, Han et al. [19] 

reported a wavelength variable and tunable LF by inserting a piece of single-mode fiber between 

two PMFs acting as PC. The LF period can be varied from 5.9 to 14.5 nm and the central wavelength 

can be tuned 32 nm. And Dai et al. [20] have demonstrated a 28 nm wavelength-tunable, Er-doped 

mode-locked fiber, using a thermal-sensitive reflective Lyot filter. 

 

In this work, we numerically and experimentally demonstrate a fully controlled LF based on bend-

induced linear birefringence in a tension-coiled length of fiber. Increasing the strain of a 22.6 m of 

SMF-28 coiled onto a 1.8792 cm radius cylinder allows the filter period to be dynamically varied from 

70 to 30 nm. Also, the filter can be continuously tuned by adjusting the retardance of a VWR and in 

modulation depth from 0 to 1 by varying the angle of an azimuth rotator. The experimental results 

were supported by numerical simulations based on the Jones matrix formulation. 

2. Experimental setup and numerical model 

The experimental setup is shown in Fig. 1. It consists of a depolarized continuous-wave erbium-

doped fiber broadband source (BS, 1510 - 1580 nm) and a LF. The LF includes a first polarized beam 

splitter 1 (PBS-1), a VWR, 22.6 m of SMF-28, and a second PBS-2. The BS was connected to the PBS-

1 SMF-28 port, acting as a linear polarizer. When incident light with any polarization state enters 

from the PBS-1 SMF-28 port, only one linearly polarized component passes through the PBS-1 Hi-Bi 

fiber port 1, while the other linearly polarized component passes through the Hi-Bi fiber port 2. The 

PBS-1 Hi-Bi fiber port 1 was used as Output-1 and connected directly to an optical spectrum analyzer 

(OSA, Anritsu MS9740A) to measure the input spectrum, while the PBS-1 Hi-Bi fiber port 2 was 

spliced (splice 1) to a 22.6 m SMF-28 coiled onto a cylinder of radius 𝑅0 = 1.8792 𝑐𝑚 (red cylinder) 

which was increased mechanically up to 𝑅1 = 1.8938 𝑐𝑚 (black cylinder). After splice 1, a VWR was 

inserted to induce linear birefringence by pressure [21]. The fiber was coiled barely tight by a 

mechanized method to avoid additional tension. In addition, the coiling process and the 

measurements were carried out at a constant temperature of 22 °C to avoid any thermal 

contributions. The SMF-28 output was then spliced (splice 2) to a PBS-2 Hi-Bi port, acting as a second 

linear polarizer. The output spectrum was measured by the OSA through Output-2. The LF 

transmission was calculated as the ratio between the output spectrum measured at Output-2 and 

the input spectrum measured at Output-1. For better experimental and numerical transmission 

comparison, the experimental transmission was normalized to the maximum value. 



 
Fig. 1. Experimental setup. 

In order to explain the LF behavior, we carry out some numerical simulations based on the Jones 

matrix formulation. The numerical model includes 22.6 m of SMF-28 in which linear birefringence 

was induced by bending and tension. The bend-induce linear birefringence 𝛽𝑐 is given by Eq. 1 [22]: 

 𝛽𝑐 =
1

4
𝜅𝑛3(𝑝11 − 𝑝12)(1 + 𝑣)𝐾2𝑟2, Eq. 1 

where 𝜅 = 2𝜋 𝜆0⁄  is the wave number and 𝜆0 is the wavelength in vacuum, 𝑛 is the refractive index, 

𝑝11 and 𝑝12 are the strain-optical coefficients, 𝑣 is the Poisson ratio, 𝐾 = 1 𝑅⁄  is the cylinder 

curvature of radius 𝑅, and 𝑟 is the fiber radius. The induced birefringence axes automatically align 

with the fast axis coinciding with the radius of curvature and the slow axis with the coil axis [22]. 

With the fiber coiled onto the cylinder, we increase the radius from 𝑅0 to 𝑅1, producing fiber lateral 

stress that induces an additional linear birefringence by tension 𝛽𝑡𝑐 given by [23]:  

 𝛽𝑡𝑐 =
1

2
𝜅𝑛3(𝑝11 − 𝑝12)(1 + 𝑣)(2 − 3𝑣)(1 − 𝑣)−1𝐾𝑟

𝜀𝑧

2𝜋
, Eq. 2 

which is proportional to the fiber strain 𝜀𝑧 determined by the cylinder radius increase. 

In a tension-coiled fiber, the principal axes also automatically align to the coil axis with the fast axis 

coinciding with the radius of curvature and the slow axis with the coil axis for both contributions, 

thus 𝛽𝑐 and 𝛽𝑡𝑐 adds constructively as 𝛽𝑙𝑖𝑛 = 𝛽𝑐 + 𝛽𝑡𝑐 [23]. 

The LF transmitted field 𝐸𝑇 was calculated as the product of matrices corresponding to all the 

elements given by Eq. 3: 

 𝐸𝑇 = 𝑀3 ∙ 𝑀2 ∙ 𝑀1 ∙ 𝐸𝑖𝑛, Eq. 3 

where 𝐸𝑖𝑛 =
1

√2
[
1
1

] corresponds to a linearly polarized input field at 𝛼1 = 45° respect to the radius 

of curvature, 𝑀1 = [𝑒−𝑖
𝛿𝑙1

2 0

0 𝑒𝑖
𝛿𝑙1

2

] represents a fiber VWR under pressure [21, 24] with total 

retardance 𝛿𝑙1 = 𝑞 𝜋 2⁄  at 1550 nm (with 𝑞 = −2, −1, 0, 1 , 2) and birefringent axes aligned in the 

𝑥 and 𝑦 coordinates i. e., the fast and slow birefringent axes of the LF, 𝑀2 describes the associated 

fiber matrix of length 𝐿0 in which it is possible to induce linear 𝛽𝑙𝑖𝑛 and circular 𝛽𝑐𝑖𝑟 birefringence. 

Since the experimental setup is twist free, the fiber was modeled with 𝛽𝑐𝑖𝑟 = 0 and 𝛽𝑙𝑖𝑛 was 
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modeled as a tension-coiled fiber, therefore, the total linear retardance is given by 𝛿𝑙2 = 𝛽𝑙𝑖𝑛𝐿0. 

Under these considerations, 𝑀2 = [𝑒−𝑖
𝛿𝑙2

2 0

0 𝑒𝑖
𝛿𝑙2

2

], so the tension-coiled fiber fast axis coincides 

with the radius of curvature. Finally, 𝑀3 = [
𝑐𝑜𝑠2(𝛼2) cos(𝛼2) 𝑠𝑖𝑛(𝛼2)

cos(𝛼2) 𝑠𝑖𝑛(𝛼2) 𝑠𝑖𝑛2(𝛼2)
] represents a linear 

polarizer at an angle 𝛼2 with respect to the radius of curvature. The transmission was calculated as 

Eq. 4: 

 𝑇𝑟𝑎𝑛𝑠 =
|𝐸𝑇|2

|𝐸𝑖𝑛|2
. Eq. 4 

The values used in the numerical simulations were: 𝑛 = 1.46, (𝑝11 − 𝑝12) = −0.14 [25], 𝑣 = 0.17 

[26], 𝑟 = 62.5 𝜇𝑚, 𝛼1 = 45°, and 𝛼2 = 0° 𝑡𝑜 − 45 ° with 9° steps. The cylinder radius was changed 

from 𝑅0 = 1.8792 𝑐𝑚 to 𝑅1 = 1.8938 𝑐𝑚 with 5.8𝑥10−4 𝑐𝑚 steps, corresponding to a fiber length 

and a fiber strain variation of 𝐿0 = 22.6 𝑡𝑜 22.7755 𝑚 with 7.0234𝑥10−3 𝑚 steps and 𝜀𝑧 =

0 𝑡𝑜 7.7692𝑥10−3 with 3.1077𝑥10−4 steps, respectively. 

To show that the LF period can be varied by increasing 𝜀𝑧 from 0 (𝑅0 = 1.8792 𝑐𝑚) to 7.7692𝑥10−3 

(𝑅1 = 1.8938 𝑐𝑚), we perform the numerical simulation for 𝐿0 = 12.6 𝑚 (blue line), 𝐿0 = 22.6 𝑚 

(black line), and 𝐿0 = 32.6 𝑚 (red line) and were plotted in Fig. 2. This figure shows that the period 

can be varied continuously from 125.05 to 54.94 nm, 69.72 to 30.63 nm, and 48.33 to 21.23 nm for 

12.6, 22.6, and 32.6 m, respectively. 
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Fig. 2. LF period for 𝐿0 = 12.6 𝑚 (blue line), 𝐿0 = 22.6 𝑚 (black line), and 𝐿0 = 32.6 𝑚 (red line) increasing 

𝜀𝑧 from 0 (𝑅0 = 1.8792 𝑐𝑚) to 7.7692𝑥10−3 (𝑅1 = 1.8938 𝑐𝑚). 

For the following experimental results and numerical simulations, we choose 22.6 m since it better 

fits the used BS bandwidth. 

3. Results and discussions 

Experimentally, we first set 𝛼1 = 45°, 𝛼2 = −45°, and 𝛿𝑙1 = 0. During all measurements, 𝛼1 was fix 

to this angle value. At an initial radius 𝑅0; 𝐿0 = 22.6 𝑚, 𝜀𝑧 = 0, and 𝛽𝑡𝑐 = 0. Then, we measure the 

LF transmission and plot it in Fig 3. The measured LF period was 70 nm (blue dotted line). Afterwards, 



we increase the cylinder radius mechanically to 𝑅1 = 1.8807, 1.8885, 𝑎𝑛𝑑 1.8938 𝑐𝑚 and the 

measured LF transmissions were also plotted in Fig. 3 with measured periods of 52 nm (black dotted 

line), 45 nm (red dotted line), and 30 nm (magenta dotted line), respectively. Also, Fig. 3 shows the 

numerical simulations with the same periods for 𝑅0 = 1.8792 𝑐𝑚 (70 nm, blue solid line), 𝑅1 =

1.8832 𝑐𝑚 (52 nm, black solid line), 1.8856 𝑐𝑚 (45 nm, red solid line), and  1.8938 𝑐𝑚 (30 nm, 

magenta solid line). The small disagreements between the experimental and numerical radii values 

were due to experimental uncertainties in the small step increments between each measurement. 

The total radius change was 146 μm. 

 

Fig. 3. Experimental (dotted lines) and numerical (solid lines) LF transmission for 70 nm (blue),  52 nm (black), 

45 nm (red), and 30 nm (magenta) increasing 𝜀𝑧 from 0 (𝑅0 = 1.8792 𝑐𝑚) to 7.7692𝑥10−3 (𝑅1 =

1.8938 𝑐𝑚). 

Figure 4a shows the experimental (red squares) and numerical (black line extracted from Fig. 2) LF 

periods for 𝜀𝑧 from 0 (𝑅0 = 1.8792 𝑐𝑚) to 7.7692𝑥10−3 (𝑅1 = 1.8938 𝑐𝑚). This figure shows that 

the experimental measurements and the numerical simulations are in agreement. For the same 

measurements, we determine the maximum transmission and show it in Fig. 4b. For these 𝜀𝑧 values, 

the maximum transmission remains almost constant at 0.5. We attribute the 3 dB losses to two 

factors: 1) the fiber coil has intrinsic losses due to bending with a relatively small radius and the fiber 

length [27], and 2) insertion losses due to PMF-SMF splices. 
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Fig. 4. a) LF periods for 𝜀𝑧 from 0 (𝑅0 = 1.8792 𝑐𝑚) to 7.7692𝑥10−3 (𝑅1 = 1.8938 𝑐𝑚) for experimental 

(red squares) and numerical (black line), respectively and b) experimental maximum transmissions for the 

same LF periods. 

The LF can be continuously tuned for a full wavelength period by changing l1 from −𝜋 to 𝜋, by 

means of the VWR, independently of the period. Figure 5 shows a series of measurements for 𝑅0 =

1.8792 𝑐𝑚 (70 nm, Fig. 5a), 𝑅1 = 1.8885 𝑐𝑚 (45 nm, Fig. 5b), and 1.8938 𝑐𝑚 (30 nm, Fig. 5c) 

periods where the minimum transmission was tuned from 1515 to 1584.38 nm, 1526.39 to 1571.36 

nm, and 1535.46 to 1565.48 nm, respectively. Since the VWR can only increase 𝛿𝑙1, first we oriented 

the VWR at 90° with respect to the coil axis and then increase 𝛿𝑙1 from 0 to ~𝜋 at 1550 nm (red, 

black and blue dotted lines). Since the fast axis of the tension-coiled fiber and the VWR were first 

oriented orthogonal between each other, the birefringences adds destructively, 𝛿𝑙2 − 𝛿𝑙1, so the 

spectrum blue-shifts. Then we orient the VWR at 0° and increase 𝛿𝑙1 from 0 to ~𝜋 at 1550 nm 

(magenta and cyan dotted lines) and the birefringences then adds constructively; 𝛿𝑙2 + 𝛿𝑙1 so the 

spectrum red-shifts. 
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Fig. 5. LF transmission continuously tuned when changing l1 from −𝜋 to 𝜋 at 1550 nm by means of the VWR 

for a) 70 nm, b) 45 nm, and c) 30 nm periods, respectively. Experimental results: dotted lines and numerical 

results: solid lines. 

Numerically, we follow the same procedure as in the experiment; first oriented the VWR at 90° and 

then increase 𝛿𝑙1 from 0 to 𝜋 at 1550 nm (red, black and blue solid lines) so the spectrum blue-shifts 

and then to 0°, and increase 𝛿𝑙1 from 0 to 𝜋 at 1550 nm (magenta and cyan solid lines) so the 

spectrum red-shifts. The results are plotted in Figs. 5a, 5b, and 5c for 70, 45, and 30 nm periods, 

respectively. These figures shows that the experimental measurements and the numerical 

simulations are also in agreement. 

From the numerical results (solid lines), we calculate the experimental VWR retardance (squares) 

and plot it in Fig. 6. This figure shows that the wavelength shift slope depends on the LF period and 

increases with period. The corresponding slopes are 11.1408, 7.1619, and 4.7746 nm/rad for 70, 45, 

and 30 nm periods, respectively. 
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Fig. 6. LF wavelength shift for 70 nm (blue), 45 nm (black), and 30 nm (red) periods. Experimental results: 

squares, and numerical results: solid lines. 
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Finally, we change the modulation depth continuously from 0 to 1 by varying 𝛼2 from 0° to -45° for 

𝜀𝑧 = 0 (70 nm period). The experimental and numerical results are shown in Fig. 7a and Fig. 7b, 

respectively. Experimentally (Fig. 7a), it was possible to obtain modulation depths of 0.3403 (blue 

line), 0.4767 (black line), 0.6784 (red line), 0.8745 (magenta line), 0.9829 (cyan line), and 1 (green 

line) varying 𝛼2 from 0° to -45° with 9° steps. Numerically (Fig. 7b), we vary 𝛼2 as in the experiment 

with corresponding modulation depths of 0 (blue line), 0.3827 (black line), 0.7071 (red line), 0.9240 

(magenta line), and 1 (cyan line), respectively. Figure 7c shows the experimental (red squares), and 

numerical (black line) modulation depths. As it can be seen, there is a small disagreement between 

the experimental and the numerical results that we attribute to a low rotator resolution (5°) and a 

small circular-induced birefringence by twisting splice 2 (𝛼2 from 0 to -45°) [28]. 

1510 1520 1530 1540 1550 1560 1570 1580
0.0

0.2

0.4

0.6

0.8

1.0 2

 0°

 9°

 18°

 27°

 36°

 45°

T
ra

n
s
m

is
s
io

n

Wavelength, nm

a)

 

1510 1520 1530 1540 1550 1560 1570 1580
0.0

0.2

0.4

0.6

0.8

1.0 

 0°

 9°

 18°

 27°

 36°

 45°

T
ra

n
s
m

is
s
io

n

Wavelength, nm

b)

 

-45 -40 -35 -30 -25 -20 -15 -10 -5 0
0.0

0.2

0.4

0.6

0.8

1.0

 Experimental

 Numerical

M
o

d
u

la
ti

o
n

 d
e

p
th



, degrees

c)

 
Fig. 7. a) Experimental and b) numerical LF transmission with modulation depth continuously changed from 0 

to 1 by varying 𝛼2 from 0° to -45° for 𝜀𝑧 = 0 (70 nm period). c) Modulation depth varying 𝛼2 from 0° to -45° 

for experimental (red squares) and numerical results (black line). 

4. Conclusions 

In conclusion, we numerically and experimentally investigate an all-fiber fully controlled LF based on 

bend-induced linear birefringence with tension. By increasing the fiber strain, the filter period can 

be dynamically varied from 70 to 30 nm. Also, the LF can be continuously tuned by adjusting the 

retardance of a VWR and in modulation depth from 0 to 1 by varying the angle of an azimuth rotator. 

The experimental results were supported by numerical simulations. 
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