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We propose a cavity length demodulation method that combines virtual reference interferometry (VRI) and
minimum mean square error (MMSE) algorithm for fiber-optic Fabry–Perot (F-P) sensors. In contrast to
the conventional demodulating method that uses fast Fourier transform (FFT) for cavity length estimation,
our method employs the VRI technique to obtain a raw cavity length, which is further refined by the MMSE
algorithm. As an experimental demonstration, a fiber-optic F-P sensor based on a sapphire wafer is fabricated for
temperature sensing. The VRI-MMSE method is employed to interrogate cavity lengths of the sensor under
different temperatures ranging from 28°C to 1000°C. It eliminates the “mode jumping” problem in the
FFT-MMSE method and obtains a precision of 4.8 nm, corresponding to a temperature resolution of 2.0°C over
a range of 1000°C. The experimental results reveal that the proposed method provides a promising, high precision alternative for demodulating fiber-optic F-P sensors.
OCIS codes: 060.2370, 060.2300, 050.2230.
doi: 10.3788/COL201816.010606.

Fiber-optic sensors have been widely employed for the
advantages of simple structure, high sensitivity, freedom
from electromagnetic interference, and suitability for harsh
environments[1,2]. In recent years, fiber-optic high temperature sensors have received widespread attention. Various
high temperature sensors based on long period fiber
gratings (LPFG)[3], Fabry–Perot interferometers (FPI)[4,5],
and fiber Bragg gratings (FBG)[2] are demonstrated.
Because sapphire fibers have a very high melting point,
which is the most important performance for the sensing
applications at a very high temperature, a lot of Letters
presented the sensors combined with Fabry–Perot (F-P)
and sapphire fibers. But, the fringe contrast of the sensor
output depended on many factors, such as the quality of the
silica-to-sapphire fiber splice, the surface roughness of the
fiber end, and the F-P surface, which are hard to control.
For obtaining the high precision and resolution of the
measurement, a variety of demodulation methods have
been developed to extract the cavity length of the F-P sensors accurately through different algorithms. The wavelength tracking method offers high sensitivity. However,
it is limited to measuring only relative changes in the
F-P cavity length, and the dynamic range is limited
as well[6]. The fast Fourier transform (FFT) method is a
classic method for cavity length demodulation and is
widely used as the first step to obtain raw cavity length
1671-7694/2018/010606(4)

estimation. It transforms the signal from an optical
wavelength domain to a cavity length domain and gives
the raw absolute cavity length. The FFT method is fast,
has a wide dynamic range, and is less affected by noise.
However, the resolution is much lower than that of the
wavelength tracking method[7], and the demodulating
precision is limited by the optical frequency range. To
circumvent these disadvantages, researchers have to
find other algorithms for different experimental
environments. Wang et al. used the FFT method to
obtain an estimated optical path difference (OPD)
and, subsequently, obtained a more accurate value
using the frequency estimation algorithm, achieving a
resolution of 3.0 nm[8]. A wavelet phase extracting
demodulation algorithm was proposed for optical fiber
F-P sensing. The FFT method was also used to obtain
the estimated cavity length first. This algorithm have
the advantage of speed and simplicity[9]. A demodulation system based on the frequency modulated continuous wave (FMCW) technique in an air-gap FPI has a
temperature resolution of ∼0.02°C, which is much
higher than the measurement resolution using the traditional wavelength shift detection method[10]. Ying et al.
provided a novel algorithm combining the minimum
mean square error (MMSE) estimation and the
Fibonacci method based on FFT[11]. The resolution
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achieved using this algorithm is 0.15 nm, and a quick
demodulation within 0.03 s is possible[12].
However, the MMSE signal processing method has a
serious drawback because there is a problem of “mode
jumping” as the demodulated range becomes larger.
The demodulated range of the MMSE signal processing
method must be limited in one mode (240 nm in our
system) to avoid the “mode jumping” problem. This requires that the resolution of the algorithm for obtaining
the estimated cavity length be less than half of one mode
(120 nm)[12]. Since the resolution of the FFT (over 1 μm)
does not meet the requirement, because FFT does not take
into account the chromatic dispersion of the F-P cavity,
the result of the combined FFT-MMSE method has to
be corrected manually.
In this Letter, we propose the use of virtual reference
interferometry (VRI) for initial estimation of the cavity
length, because it takes the dispersion into account.
VRI has been used to measure chromatic dispersion
in short fibers and components [13,14] and is capable of
extracting first- and second-order dispersion directly
from spectral interference (SI) patterns[13]. Our novel
demodulating method combines VRI and MMSE for
optical fiber F-P sensors. Furthermore, we fabricated
an optical fiber F-P high temperature sensor based
on a sapphire wafer and obtained the cavity length
through the proposed method. The results show that
the proposed method can effectively avoid the “mode
jumping” problem and achieve the same high precision
of MMSE.
The combined VRI-MMSE method includes two parts,
i.e., the VRI and the MMSE algorithm. The former is used
to obtain an approximate cavity length, and the latter is
used to achieve a more exact cavity length.
The principle of VRI is shown in detail in Ref. [13].
A summary of the steps of the demodulating method of
the combined VRI-MMSE is now presented. First, a
SI pattern is obtained from an FPI. Second, a simulated
interference pattern is generated numerically using a
virtual reference path. Third, the simulated interference
pattern is multiplied (point-by-point) with the real interference pattern to produce a second-order interference
pattern. Fourth, the amplitude modulation of the
second-order interference pattern is extracted and used it
calculate the group delay τg ðλ0 Þ by Eq. (1)[13], and the cavity length Lr can be obtained by Eq. (2):
τg ðλ0 Þ ¼

N g ðλ0 ÞLr Lνð1Þ ðλ0 Þ
;
¼
c
c
Lr ¼

τg ðλ0 Þc
;
N g ðλ0 Þ
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method. The mean square error (MSE) between the true
cavity length L and the estimated value Lr can be expressed as[12]
mseðLr Þ ¼

−1
1 NX
ðI
ðn; LÞ − I Lr ðn; Lr ÞÞ;
N n¼0 Real



p
r
r 1 þ r 2 þ 2 r 1 r 2 cos λ4πnL
0 þnΔλ

;
I Lr ðn; Lr Þ ¼
p
4πnLr
1 þ r 1 þ r 2 þ 2 r 1 r 2 cos λ0 þnΔλ

(3)

(4)

where I Real ðn; LÞ is the actual discrete spectral sequence
acquired by the spectrometer. I Lr ðn; Lr Þ is the analog interference signal, as shown in Eq. (4). N is the number of
elements in the discrete spectral sequence. After selecting
the appropriate estimation range and step size of the
cavity length, we obtain a series of MSEfmseðLrÞg from
Eq. (3). The best estimated value of the cavity length
corresponds to the Lr , for which the MSE is minimized.
The schematic of our experimental system is shown in
Fig. 1. Broadband light from the LED (850 nm) was
launched into the 2 × 2 fiber coupler, and then injected
to the sapphire-wafer-based fiber F-P sensor in the high
temperature furnace (KSL-1100X). The optical interference spectrum reflected from the F-P sensor was received
by the optical spectrum analyzer (OSA, AQ6370 C) via
the fiber coupler again, and the output of the OSA was
demodulated by the computer.
In order to evaluate the performance of the VRI-MMSE
demodulating method, the system was tested for high temperature sensing. The F-P sensor was placed in the high
temperature furnace, and its temperature was set to cover
the range of from 28°C to 1000°C at an increment of 100°C.
Each temperature was kept for half an hour to ensure a
uniform temperature distribution. The measured interference spectra at 28°C, 100°C, and 200°C are shown in Fig. 2,
respectively. As shown in Fig. 2, the envelope of each
interferogram is the spectral shape of the LED source,
and the envelope (background power) has no effect on data
processing. For facilitating the following discussion, here,
we define the signal-to-noise ratio (SNR) as the ratio of the
amplitude of the interference signal to that of the background noise. The SNR of the SI pattern is sufficiently high
(inset of Fig. 2) to allow accurate extraction of the cavity
length using our method.

(1)

(2)

where N g ðλ0 Þ is the group index of the F-P sensor. The
center wavelength λ0 is determined by the second-order
interference pattern. Fifth, a more accurate cavity length
L can be calculated by the MMSE-based signal processing

Fig. 1. Fiber-optic F-P high temperature sensing experimental
system based on a sapphire wafer.
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Fig. 2. (Color online) Interference spectra at the temperatures of
28°C, 100°C, and 200°C, respectively.

Fig. 3. (Color online) Group delay at different temperatures.

Figure 3 shows the group delay at different temperatures obtained by the VRI process. The group delay at
each temperature is represented by a different color line.
The group delay is roughly linearly distributed at the
same temperature and increases when the temperature increases, as expected. Figure 4 shows the group delay at
each temperature point at different wavelengths after linear fitting of the data of Fig. 3. The data points in Fig. 4
are calculated by the fitting formula of the temperature at
each wavelength. The group delay is selected when the
average error is minimal (at the wavelength 855 nm),
as shown in the inset in Fig. 4, from which the Lr can
be calculated from Eq. (4). It can be seen from Fig. 4 that
the accuracy of the result obtained by using the only VRI
processing method is not high. The average error is
43.1 nm (meeting the requirement to avoid the “mode

Fig. 4. (Color online) Group delay as a function of temperature
at different wavelengths.
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jumping” problem) compared with the real cavity length,
which corresponds to the temperature of ∼18°C, whose
performance is much better than that of the FFT. We
have to process the data further using some algorithms
in order to get accurate measurement results.
Figure 5 demonstrates the corresponding results
obtained by the VRI, FFT-MMSE, and VRI-MMSE
demodulating methods, respectively. The cavity length
varies linearly with temperature. As shown in the down
inset, the line of VRI-MMSE coincides approximately
with that of FFT-MMSE, but it is quite different
from the result of VRI. So, the VRI-MMSE processing
method can reach the same accuracy and resolution as
the FFT-MMSE processing method, which is capable of
providing subnanometer resolution and demodulation
error[11,12]. Obviously, the accuracy of the VRI processing
method is not ideal. But, there is a mode jumping point[12] at
200°C in the curve of the FFT-MMSE, which is shown in
the top inset. It is clear that the VRI-MMSE processing
method solves the problem of the FFT-MMSE’s mode
jumping and achieves a high accuracy. The VRI processing
method can substitute FFT in our high temperature
sensing system.
The cavity length was measured experimentally at
several temperature levels from 28°C to 1000°C. During
the test, 44 spectra were recorded, and the standard
deviation at each temperature step was calculated, as
shown in Fig. 6. There is a small variation in the F-P

Fig. 5. (Color online) Corresponding cavity lengths decoded by
the methods of VRI, MMSE, and VRI-MMSE.

Fig. 6. Stability measurement result of the VRI-MMSE processing method.
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spectra repeated at the same temperature, since there was
optical noise and electrical interference during the OSA
acquisition of the SI pattern. But, we can see that the stability of this processing method is excellent. The average
error is 4.8 nm， and the average standard deviation is
2.1 nm. If we define resolution to be twice the standard
deviation, then the resolution of this method is 4.2 nm,
corresponding to a temperature measurement resolution
of 2.0°C, over the measurement range of 1000°C. The resolution achieved here is sufficient for applications such as
aviation, aerospace, or metallurgical industry.
In conclusion, a demodulation method combining VRI
and MMSE for a fiber FPI is proposed and demonstrated. By the high temperature testing experiment,
the obtained resolution of the demodulating method is
4.2 nm. Integrating advantages of VRI and the
MMSE-based signal processing method, this method
achieves a high demodulation resolution and absolute
measurement of the cavity length, while it uses VRI instead of FFT to eliminate the mode jump phenomenon of
FFT-MMSE at the same time. The proposed method is a
novel alternative technology of conventional F-P
demodulation based on FFT.
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61505152), the Pre-research Field Foundation of China
(No. 6140243010116QT69001), and the Applied Basic Research Program of Wuhan, China (No. 2017010201010102).

January 10, 2018

References
1. Y. Jiang and W. H. Ding, Photon. Sens. 1, 62 (2011).
2. L. Xiong, D. Zhang, L. Li, and Y. Guo, Chin. Opt. Lett.
12, 120605 (2014).
3. X. Dong, Z. Xie, Y. Song, K. Yin, D. Chu, and J. Duan, Chin. Opt.
Lett. 15, 090602 (2017).
4. J. Mathew, O. Schneller, D. Polyzos, D. Havermann, R. M. Carter,
W. N. MacPherson, D. P. Hand, and R. R. J. Maier, J. Lightwave
Technol. 33, 2419 (2015).
5. X. Jiang, D. Chen, J. Shao, G. Feng, and J. Yang, Chin. Opt. Lett.
12, S10609 (2014).
6. B. Qi, G. R. Pickrell, J. C. Xu, P. Zhang, Y. H. Duan, W. Peng,
Z. Y. Huang, W. Huo, H. Xiao, R. G. May, and A. B. Wang,
Opt. Eng. 42, 3165 (2003).
7. M. Han, Y. Zhang, F. B. Shen, G. R. Pickrell, and A. B. Wang,
Opt. Lett. 29, 1736 (2004).
8. F. B. Shen and A. B. Wang, Appl. Opt. 44, 5206 (2005).
9. B. L. Zhang, X. L. Tong, P. Hu, Q. Guo, Z. Y. Zheng, and C. R. Zhou,
Opt. Express 24, 29506 (2016).
10. W. F. Zheng, J. L. Xie, Y. Li, B. Xu, J. Kang, C. Y. Shen, J. F. Wang,
Y. X. Jin, H. L. Liu, K. Ni, X. Y. Dong, C. L. Zhao, and S. Z. Jin,
Opt. Commun. 324, 234 (2014).
11. J. D. Ying, C. M. Zhou, Y. W. Ou, and M. M. Li, Acta Photon. Sin.
44, 0906002 (2015).
12. X. L. Zhou and Q. X. Yu, IEEE Sens. J. 11, 1602 (2011).
13. M. A. Galle, L. Qian, S. S. Saini, and W. S. Mohammed, J. Opt. Soc.
Am. B 29, 3201 (2012).
14. M. A. Galle, E. Y. Zhu, S. S. Saini, W. S. Mohammed, and L. Qian,
Opt. Express 22, 14275 (2014).

010606-4

