
Received May 29, 2020, accepted June 22, 2020, date of publication June 30, 2020, date of current version August 11, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3006046

Highly Precise Birefringence Demodulation to
Overcome the Sensing Limitation From the Free
Spectral Range on the Fiber Lyot Filter
WEI LI , TIANTIAN RUAN, MIN XIA, AND LI XIA
School of Optical and Electronic Information, Huazhong University of Science and Technology, Wuhan 430074, China

Corresponding author: Min Xia (xiamin@hust.edu.cn)

This work was supported by NSFC under Grant 61775065.

ABSTRACT A high precision demodulation method based on least squares fitting for expanding the
temperature measurement range of the fiber Lyot filter has been proposed and experimentally demonstrated.
And a compact reflective Lyot filter has also been proposed to verify this method. The filter consists
of a polarizer and a section of polarization maintaining fiber (PMF) coated with a gold film at the end.
The birefringence of the PMF can be obtained through the least squares method, so that the temperature
measurement range is not limited to the free spectral range (FSR) of the periodic interference spectrum.
Experimental results show that the proposed method can extend the measurement range by 5.5 times
compared to the dip wavelength tracking method. And the demodulation fluctuation of the birefringence
is within 10−7.

INDEX TERMS Demodulation, fiber Lyot filter, polarization interference, temperature measurement.

I. INTRODUCTION
The research on optic fiber temperature sensors with large
measurement range and high precision characteristics is
of great significance in the fields of aerospace, healthcare
and industrial production [1], [2]. Up to now, various fiber
structures with a large dynamic measurement range have
been proposed, such as Mach-Zehnder (MZ) interferome-
ters [3], [4], two peanut-shaped structures [5], and fiber
gratings [6], [7]. However, relatively low sensitivity of less
than 0.5 nm/◦C is the main constraint. Therefore, research on
sensitivity-enhanced temperature sensors have attracted great
attention. One of the methods is to combine high sensitivity
refractive index sensors with thermosensitive materials. For
instance, a liquid-filled photonic crystal fiber achieves sensi-
tivity of up to 53.4 nm/◦C in the 1500-1600 nm region. How-
ever, the temperature measurement range of this structure is
only from 34.0 to 35.5 ◦C [8]. Another common approach
is to increase the sensitivity through the Vernier effect. For
example, the cascaded structure of a Sagnac loop and a
Fabry-Perot cavity can achieve an ultra-high sensitivity of
−29nm/◦C, while the relatively narrowmeasurement range is
from 42 to 44 ◦C [9]. In short, the trade-off between high sen-
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sitivity and large-scale exists in most fiber optic temperature
sensors. In order to solve this problem, a special fiber with
two sensing mechanisms is proposed to realize large-scale
and high-precision sensing simultaneously [10]. Among the
twomechanisms, the lower sensitivity anti-resonance enables
a large measurement range, while the higher sensitivity MZ
interference is used to ensure high precision. However, for
the high sensitivity MZ interference, the sensitivity may vary
over different temperature ranges, which causes inconve-
nience to the actual measurement calibration. In addition, it is
noted that the above-mentioned sensors are mostly demodu-
lated by the dip wavelength tracking method, which makes
the measurement range of the interference type sensor limited
to the free spectral range (FSR) and the observation window.

The Lyot filter, with polarization interference, consist-
ing of a birefringent cavity and two polarizers, has been
extensively studied [11]. At present, a variety of Lyot filters
have been developed for spectral imaging [12], [13], optical
communication [14], laser tuning [15], [16] and fiber sens-
ing [17]–[20]. For temperature sensing applications, most
of them are demodulated by the dip wavelength tracking
method, so the measurement range is limited by FSR of the
interference spectrum. In fact, for the Lyot filter, the change
in the interference spectrum during temperature detection is
mainly caused by the change in the birefringence which is
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highly sensitive to temperature [20]. Therefore, the absolute
demodulation of the birefringence for temperature measure-
ment can be free from the limitation of the FSR, thereby
expanding the temperature measurement range.

The least squares curve fitting method [21], as an effective
method for accurately evaluating parameters in themodel, has
been widely used in spectroscopy and sensing applications.
Specifically, it is mostly applied to fiber Brillouin distributed
sensing parameter extraction [22] and fiber Fabry-Perot cav-
ity length evaluation [23], but rarely used for Lyot filter
birefringence demodulation.

In our work, we propose a high precision demodulation
method for expanding the temperature measurement range of
the fiber Lyot filter. Specifically, the least squares method is
utilized to demodulate the birefringence of the polarization
maintaining fiber (PMF) in the filter, so that the tempera-
ture demodulation range is not limited by the FSR of the
interference spectrum, thereby expanding the temperature
measurement range by 5.5 times. In addition, a new reflective
Lyot filter composed of a polarizer and a PMF coated with
gold film has also been proposed to make the temperature
sensor more compact and practical.

II. OPERATION PRINCIPLE
As shown in Fig. 1(a), the transmissive Lyot filter is con-
structed by splicing a section of high-birefringence PANDA
PMF (1550-XP) between two polarizers. The polarizer1 is
used to convert the broadband light into linearly polarized
light, which is incident into the PMF and then resolved into
two light beams propagating along the fast- and slow-axis of
the PMF. Due to the birefringence existing in the PMF, there
is a phase difference between the two light beams, which is
calculated by:

1ϕ =
2πBLPMF

λ
(1)

where LPMF and B are the length and the birefringence of
the PMF, respectively; λ is the operating wavelength. Finally,
the two polarized light beams meet at the polarizer2, then the
polarization interference occurs, and can be described as:

T (λ) = C1(λ)+ C2(λ) cos(
2πBLPMF

λ
) (2)

where C1(λ) represents the background light intensity and
C2(λ) indicates the interference spectrum amplitude.

FIGURE 1. Schematic diagram of the (a) transmissive and (b) reflective
fiber Lyot filter.

Fig. 1 (b) shows the schematic diagram of the new reflec-
tive Lyot filter. The end face of the PMF is coated with a
highly durable gold film to increase the reflectivity. The two
polarized beams with relative phase differences mentioned
above are reflected by the gold film and meet at the polar-
izer1 to form the polarization interference. Since the polar-
ized beam passes through the PMF twice, this is equivalent
to doubling the cavity length [24]. Therefore, the polarization
interference of the reflective Lyot filter can be described as:

R(λ) = C1(λ)+ C2(λ) cos(
4πBLPMF

λ
) (3)

Then, the polarization interference spectrum is finally
detected by the spectrometer, and the sampling interval is
adjusted to 0.1 nm. It should be noted that, the initial power
of the light source needs to be subtracted during spectrometer
detection to eliminate the influence of the uneven light source
on the interference spectrum. Therefore, C1(λ) and C2(λ) can
be written as C1 and C2, respectively. And the spectrum was
fitted using the least-squares method. The specific demodu-
lation process is to calculate a set of best (C1, C2, LPMF, B)
to minimize the Sum of the Squares for Error (SSE), which
can be expressed as:

SSE1 =
N∑
1

[
Ti − C1 − C2 cos(

2πBLPMF
λi

)
]2

(4)

and

SSE2 =
N∑
1

[
Ri − C1 − C2 cos(

4πBLPMF
λi

)
]2

(5)

where the λi is the sampling wavelength; T(λi) and R(λi)
are the intensity at different wavelength, corresponding to the
transmissive and reflective Lyot filter respectively.

In fact, after the filter is prepared, the length LPMF of the
PMF is determined. Furthermore, a group of initial values
(C1, C2, B) also needs to be set before the actual calculation
to improve the demodulation efficiency. The initial C1 and
C2 can be calculated based on the maximum and minimum
values of the detected light intensity. The initial B can be
obtained by Fast Fourier Transform (FFT) method. Specif-
ically, the spatial frequency f is first obtained by applying
FFT to the interference spectrum, and then the initial B is
calculated according to the following formula:

B0 =
λ2f
LPMF

(6)

For a reflective Lyot filter, LPMF needs to be doubled in
Eq.6. After setting the initial value, the B is fine-tuned to
minimize the SSE, and then the optimal B can be obtained.
Specifically, in the process of adjusting the B value, the step
value is set to 10−9. In the wavelength range from 1520 to
1610 nm, the spectrum of the transmissive Lyot filter with B
value of 4.45683× 10−4 is fitted by the least squares method
mentioned above, and the change of calculated SSE with B
values in the fitting process is shown in Fig. 2. It can be seen
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FIGURE 2. The calculated SSE changes with birefringence B when the
actual B is 4.456843 × 10−4.

that as the value of B changes, there will be multiple dips in
the SSE, and the optimal B corresponds to the smallest dip.
The rest of the dips indicate that the actual spectrum and the
fitted spectrum partially match, but the interference order is
not consistent in the spectral range. Therefore, the algorithm
can distinguish the order of interference. In other words, when
the amount of spectral shift is an integer multiple of FSR,
the algorithm can still distinguish the interference spectrum.
So, when the amount of spectral shift is greater than FSR,
different optimal B values can still be demodulated, which
makes the measurement of B not affected by the periodicity
of the spectrum, thereby expanding the measurement range
in subsequent experiments.

III. EXPERIMENTAL MEASUREMENT AND DISCUSSION
A. TRANSMISSIVE FIBER LYOT FILTER
In order to verify the ability of the proposed demodulation
method to expand the measurement range by experiments,
the temperature measurement system using the transmissive
Lyot filter is proposed, as shown in Fig. 3. In this config-
uration, the length of the PMF is 28 cm. The broad-band
source (BBS) with wavelength range from 1520nm to
1610nm is emitted into the polarizer1. The interference spec-
trum output from the polarizer 2 is received by the optical
spectrum analyzer (OSA, AQ6370C) with a resolution of 0.1
nm. The commercial fiber polarization controller (PC) is
used to adjust the state of the polarized light launched into
the PMF from the polarizer1, thereby obtaining an optimum
angle between the direction of polarized light and the two
polarization axes within the PMF. In general, the optimum

FIGURE 3. Experimental setup of the transmissive fiber Lyot filter for
temperature measurement.

angle is 45 degrees, so that polarization interference with
high fringe contrast can be achieved. However, it should be
noted that, we can pre-set the angle between the directions
of the two polarizers and the polarization axes of the PMF to
45 degrees, so that the PC is not essential for this temperature
sensor in practical applications.

First, we demodulate the transmissive fiber Lyot filter
based on the dip wavelength tracking method. The full width
at half maxima (FWHM) of each dip is less than 0.1 nm and
the dip depth is higher than 20 dB, observed from the inset
in the Fig. 4(a). The ambient temperature is increased from
25◦C to 76◦C controlled by a Thermoelectric Cooler with
the resolution of 0.2◦C (TEC). As shown in Fig. 4(a), as the
temperature increases, the wavelength of the dips shift to
the shorter-wavelength direction, namely ‘‘blue shift’’. And
the interference spectrum at different temperatures ranging
from 25 to 35 ◦ C is described in the inset. The selected wave-
length dip at 1577.9 nm shifts to 1561.8nm, corresponding
to the wavelength variation of 16.1 nm. It is noted that the
FSR of the spectrum is 18.4 nm, which is slightly larger than
the shift variation, which allows the temperature to be distin-
guished by the dip wavelength in the range of 25 ◦C to 35
◦C. In addition, the relationship between the dip wavelength
and temperature is also demonstrated. After linear fitting,
the temperature sensitivity is 1.61 nm/◦C.

Then the proposed demodulation method is applied to the
transmissive fiber Lyot filter. The change in the filter bire-
fringence as a function of the ambient temperature is shown
in Fig. 4 (b). The temperature sensitivity is 4.7×10−7/◦C, and
the corresponding wavelength shift sensitivity of 1.62nm/◦C
is basically consistent with the above measurement result,
which is calculated by:

∂λ

∂T
= λ

∂B
B∂T

(7)

where the T is the ambient temperature. In addition, the sta-
bility of the filter and demodulation method has also been
tested. The demodulation results of repeated 10 experiments
within 50minutes is illustrated in Fig. 4(c), the maximum and
minimum values of the demodulated B are 4.48163 × 10−4

and 4.48063 × 10−4, respectively. Therefore, the demod-
ulation fluctuation is within 10−7, and the corresponding
temperature fluctuation is about 0.2 ◦C, which is exactly the
accuracy of the TEC. Therefore, the birefringence demodula-
tion fluctuation is due to fluctuations in ambient temperature.
If a higher precision TEC is used, higher demodulation sta-
bility may be obtained.

B. REFLECTIVE FIBER LYOT FILTER
In order to make the sensor more compact and practical,
a novel reflective fiber Lyot filter is prepared. A gold film
of approximately 50 nm thick was applied to the end of
the 15 cm long PMF and tested for temperature using the
system shown in Fig. 5. The reflectivity ofmetal film is higher
than 90%, this will not lead to the FP interference dips in
the reflection spectrum. In this case, a circulator is used to
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FIGURE 4. (a) Dip wavelength changes with temperature. The inset is the
spectra at different temperatures of the transmissive fiber Lyot filter;
(b) Birefringence of the transmissive fiber Lyot filter versus temperature;
(c) Demodulation results at 66◦C within 50 minutes.

lead the BBS into the polarizer and transfer the reflection
interference spectrum to the OSA. It should be noted that
the PMF used in the reflective filter is only half the length
of the transmissive type, which makes the sensor easy to be
packaged. And the reflective structure can further expand the
application range of the filter.

As shown in Fig. 6(a), the dip wavelength tracking method
is first applied to the temperature measurement. The temper-
ature sensitivity of -1.68nm/◦C from the dip at 1581.3 nm
is obtained, so according to Eq. 7, the corresponding bire-
fringence sensitivity is about 4.7 × 10−7/◦C. And the inset
shows the reflection spectra at different temperatures. Since

FIGURE 5. Experimental setup of the transmissive fiber Lyot filter for
temperature measurement.

FIGURE 6. (a) The wavelength dip at 1581.3nm of the reflective spectrum
shift versus temperature. Inset: Reflection spectrum response as
temperature rise from 25◦C to 35◦C; (b) Birefringence of the reflective
fiber Lyot filter versus temperature.

the FSR of the spectrum is 18 nm, the measurement range of
the sensor is limited to 25 −35◦C. Furthermore, the interfer-
ence spectrum is demodulated by the proposed least squares
method, and the result is as shown in Fig. 6(b). We can see
that the demodulation range of the temperature is 25 - 80 ◦C,
which is 5.5 times more than the range demodulated by the
dip wavelength tracking method. In addition, the birefrin-
gence sensitivity of the filter is 4.69 × 10−7/◦C, which is
basically consistent with the sensitivity calculated. It should
be pointed out that initial birefringence B of the reflective
filter is slightly different from that of the transmissive filter at
the same temperature. This may be because the measurement
length of PMF is not completely accurate, resulting in a
longer LPMF in the model, which makes the B measured
smaller. However, for a particular sensor, after the length is
scaled, the sensitivity curve is determined and does not affect
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the actual temperature measurement. Thanks to the high dip
spectra are obtained in the experiments, the noises caused
from the interference pattern are so low, which have little
influence on the birefringence calculation of the Lyot filter.

IV. CONCLUSION
In conclusion, a birefringence demodulation method based
on least squares algorithm has been proposed for expand-
ing the temperature measurement range of the Lyot filter.
We experimentally prepared two types of transmissive and
reflective Lyot filters, both of which are demodulated by
the dip wavelength tracking method and the least squares
method. Experimental results show that the measurement
range of the dip tracking method is limited by the FSR
of the periodic interference spectrum, and the least squares
demodulation can relatively enlarge the measurement range
by at least 5.5 times. The proposed method not only utilizes
high temperature sensitivity of the PMF, but also expands
the temperature measurement range, which is of great signif-
icance for practical temperature measurement. It should be
pointed out that by replacing the light source and receiver in
the system with tunable lasers and photodetectors, combined
with the proposed fittingmethod, low-cost automated temper-
ature detection can be achieved. In addition, the method can
be applied to other interference sensors that need to expand
the measurement range.
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