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Abstract: To solve the problem of low demodulation accuracy of conventional peak-to-peak algo-
rithm for fiber-optic Fabry-Perot (FP) sensors due to failure of determining the interference order, a
novel cavity length sequence matching demodulation algorithm based on a combined valley peak
positioning is proposed. Firstly, a pair of a peak and its neighboring valley in the reflection spectrum
is selected and positioned, and two groups of interference orders are supposed to generate two groups
of cavity length sequences. Finally, these cavity lengths are compared to find the real interference
order of the peak and valley for the extraction of the accurate cavity length. In order to verify the
feasibility and performance of the proposed algorithm, simulations and experiments were carried out
for fiber-optic FP sensors with cavity lengths in the range of 15-115 um. A demodulation accuracy
better than 8.8 nm was found. The proposed algorithm can achieve highly accurate cavity length
demodulation of fiber-optic FP sensors.

Keywords: fiber-optic sensor; Fabry-Perot; peak-to-peak method; interference order

1. Introduction

Fiber-optic Fabry-Perot (FP) sensors have advantages of tiny size, strong environmen-
tal adaptability, and anti-electromagnetic interference, and can reliably monitor important
parameters like pressure, temperature, strain, and so on, even in extreme environments.
These sensors have been widely used in various fields such as aerospace, deep-sea explo-
ration, bridge monitoring, petroleum drilling, biomedical and rehabilitation applications,
etc. [1-8]. The measurement of environmental parameters is commonly achieved by the
monitoring of the fiber-optic FP sensor’s cavity length, therefore, the cavity length demod-
ulation technology is one of the most important issues for real applications of fiber-optic
FP sensors. The cavity length demodulation accuracy of the fiber-optic FP sensor directly
affects the measurement accuracy.

Cavity length demodulation of fiber-optic FP sensors mainly includes the Fourier
transform method [9,10], cross-correlation method [11,12], single-peak method [13,14],
and peak-to-peak (P2P) method [15,16]. Among them, the Fourier transform and cross-
correlation methods require multiple integral operations in the whole spectral range, result-
ing in slow demodulation speed and poor dynamic characteristics. The single-peak method
can quickly extract the cavity length changes by tracking the characteristic peak of a certain
interference order in the reflection spectrum, which has a high demodulation accuracy but
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small measurement range because the absolute cavity length cannot be determined. The
P2P method quickly calculates the cavity length by locating two characteristic peaks in the
reflection spectrum, which has a wide demodulation range and a fast demodulation rate.
However, in the demodulation process of the P2P method, the interference order of the
peaks cannot be determined, which results in a low demodulation precision of the cavity
length. The demodulation error of the P2P method is at least tens of times larger than that
of the single-peak method.

To improve performance of the P2P method, several different kinds of improved
algorithm were proposed. Jiang et al. proposed an improved P2P method [17] to calculate
the cavity length by calculating the wavelength spacing of two adjacent spectral peaks
in the spectrum through a linear fitting. The demodulation accuracy is improved about
25 times, but still on a 1 um level. This method needs to locate multiple peaks in the
spectrum to improve the fitting accuracy, and since the number of peaks in the spectrum
will decrease with the decrease of cavity length, this method is not suitable for FP sensors
with short cavity lengths. Chen et al. proposed a squared P2P algorithm, which can expand
the demodulation range of the cavity length to short-cavity fiber-optic sensors, however,
the demodulation error is still as large as 30 nm [18].

To improve cavity-length demodulation accuracy of fiber-optic FP sensors in the P2P
method, this paper proposes a novel cavity-length sequence matching (CLSM) algorithm
based on the combined positioning of a pair of neighboring peaks and valleys. From the
comparison of the two cavity length sequences generated from the interference orders of
the positioned neighboring peak and valley, the most matched interference order of the
peak is found and the accurate cavity length is accordingly extracted. Both simulations
and experiments are carried out to investigate the feasibility and performance of the
proposed algorithm.

2. Principle of the CLSM Algorithm
2.1. Principle of Conventional P2P Algorithm

The typical structure of a fiber-optic FP sensor is shown in Figure 1a. Two vertically
cut single-mode fibers (SMFs) are penetrated into a glass capillary (GC) with an inner
diameter slightly larger than the outer diameter of the fiber cladding, and two parallel fiber
ends form the FP sensor with a cavity length of L [16,17]. A micrograph of the FP cavity
formed by two fiber ends in a GC is given in Figure 1b.
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Figure 1. Typical structure of a fiber-optic FP sensor. (a) Schematic diagram, (b) micrograph of a
FP sensor.

The reflectivity of the fiber-optic FP sensor can be give by

Ri + Ry +2y/RiRs cos(% + 7[)
14+ R1Ry +2v/R1Ry COS(% + 7'[)

)

Rpp(A)

where A is the wavelength, #n is the refractive index of the FP cavity, Ry and R; are the
reflectivity of the two reflecting surfaces. For an air-gap FP sensor, n = 1.
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If the fiber-optic FP sensor is illuminated by a broadband light source, the reflection
spectrum will have a waveform with multiple peaks and valleys. For an air-gap FP sensor,
the spectral peaks satisfy

4L
—+n=2mm, m=1,2,3..., 2)
Am
where m is the interference order.
Considering two different interference orders m and m + g, where q is the difference
between the two interference orders, we have

q /\m)\m+q )
L=-—")gm=1,23..., 3
Z(Am_/\m+q q ()

From the wavelength positioning of two different spectral peaks, the cavity length
of the fiber-optic FP sensor can be extracted by Equation (3), which is exactly the core
principle of the conventional P2P algorithm.

It can be deduced from Equation (3) that when two neighboring peaks are selected,
the cavity length demodulation error of the P2P method is

A 2
Ad:\@md/\— > Ay m=1,2,3..., (4)
m

d
=23,
where AA; is the positioning error of the m-th order peak. According to Equation (4),
the measurement error of the P2P algorithm is directly proportional to the square of the
ratio of the cavity length and peak wavelength. When the cavity length L = 100 pm and
the central wavelength is 1568 nm. Even if the peak positioning error is in a picometer
level (AA;; = 30 pm), the measurement error reaches a large value of Ad = 0.345 pm. The
main reason is that the P2P algorithm can not determine the interference order of the
characteristic peak in the process of the cavity length demodulation, which results in a low
demodulation accuracy.

2.2. Principle of CLSM Algorithm

To solve the problem that the interference order cannot be determined in the demodula-
tion process of the P2P method, we propose a CLSM algorithm based on a combined valley
and peak positioning process. The principle for the new algorithm is discussed below.

Convert the reflection spectrum into the frequency domain by A = ¢/v(v is the optical
frequency and c is the vacuum speed of light) into Equation (2), we have

Ri+ Ry +2vR1R> cos(@v + 71)

Rep(A) = o, :
1+ RiRy +2y/RiRs cos (#2Lo + 77)

©)

It can be seen that the reflectivity is a periodic function of the frequency in the frequency
domain, and the period can be expressed as

27T c

~dmljc 2L ©

In the frequency domain, select a pair of adjacent peaks and valleys. If the interference
order of the selected peak is m,, the corresponding peak frequency is v,, and m, is also
the total number of peaks in the optical frequency range from 0 to v,. The period of the
spectral signal in the frequency domain can also be expressed as

@)
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From Equations (6) and (7), the cavity length of the single peak demodulation FP

sensor is om, ©
2vy

Because the interference order of the selected peak is unknown, the cavity length

cannot be calculated directly. In order to accurately judge the interference order of the

selected peak, a group of interference order sequences {N}, N =1,2,3.... are introduced,

in which it is required that N covers the interference order m,. For each N, two groups of

cavity length sequences | dp, 1 an N can be generate
y length seq {dnp} and {dnpp} canbe g d by

cN

de:E,Nzl,Z,S..., (9)
and
p c¢(N—-0.5)

where v, and vy, are the center frequencies corresponding to the selected adjacent peak
and valley respectively, dy, and dyp, are the generated cavity lengths corresponding to v,
and vy, for a supposed interference order of N. If N is not the real interference order of the
selected adjacent peak and valley, the two generated cavity lengths deviate from each other,
ie. d Np #d Npp- If and only if N equals to the real interference order, i.e., N = mp, then,
dnp = dnpp, which is also the real cavity length. Thus, by the continuous comparison of
the generated cavity length pair of each interference order, the real interference order and
real cavity length can be determined.

Considering that the existence of a peak positioning error always makes the central
frequencies of the peak and valley pair cannot be accurately determined, even when the real
interference order is found, there still exists a deviation between the two generated cavity
lengths. We can calculate the deviations between each pair of the generated cavity lengths by
{AdN}, Ady = |de —dnpp|, N =1,2,3... and search the minimum value of Ady.

When Ady takes the minimum value, N = m,, the real interference order is then
determined, and the cavity length corresponding to the interference order is closest to the
real cavity length. The finally determined cavity length can be given by the average of
the two generated cavity lengths corresponding to the minimum deviation, which can be
expressed as

J— de +dNPP

Taking A= c¢/v into Equations (9) or (10), the cavity length measurement error of the
CLSM algorithm caused by the peak or valley positioning can be given by

(11)

d

Ad = XA)\. (12)
It can be seen from the above formula that the measurement error Ad of the demod-
ulation cavity length of the CLSM algorithm is directly proportional to the ratio of the
cavity length and peak wavelength., while the measurement error of the traditional P2P
method is directly proportional to the square of the ratio of the cavity length and peak
wavelength. Compared to the traditional P2P method, the measurement error of the CLSM
algorithm can be greatly reduced. When the cavity length d = 100 um, the selected peak
center wavelength A= 1568 nm, considering a peak positioning error AA;;, = 30 pm, the

measurement error Ad of the CLSM algorithm is only 2 nm.
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3. CLSM Algorithm and Simulation Analysis
3.1. CLSM Algorithm

According to the demodulation principle discussed above, a CLSM algorithm is
proposed for the cavity length extraction of fiber-optic FP sensors. The flowchart is shown
in Figure 2, and the specific procedures are as below.

Reflection spectrum collection

.

Spectrum correction

v

Positioning of a pair of adjacent peak and valley v,and v,

v

Generation of cavity length sequences { dy,} and { dy,}

A

Cavity length matching
Ady = |ll‘\~,, - II‘\,,FI
Ad,,, =min(Ady)
N=m,

Cavity length extraction d = (dy,+dy,,)/2

End

Figure 2. Flowchart of the CLSM algorithm.

First, collect the reflection spectrum of the fiber-optic FP sensor by a digital optical
spectrum analyzer (OSA).

Second, to remove the non-uniformity distribution of the spectrum that comes from the
light source, the reflection spectrum acquired by the OSA is divided by the optical spectrum
of the light source itself. By this operation, the reflection spectrum will be corrected to have
the same amplitude.

Third, the optical spectrum in the wavelength domain is transformed into the fre-
quency domain, and a pair of adjacent peaks and valleys are selected, and their central
frequencies v, and v, are precisely positioned.

Fourth, two groups of interference order sequences are respectively generated ac-
cording to Equations (9) and (10) by taking into positioned frequencies of the adjacent
peak and valley. Accordingly, two groups of cavity length sequences {dy, } and {dn,, }
are obtained.

Finally, the two groups of cavity length sequences are compared. By calculating the
deviations {Adn}, Ady = |de —dnpp|, N =1,2,3... between each pair of the generated
cavity lengths, the most-matched two cavity lengths are determined by searching the
minimum difference value min(Ady) of the cavity lengths coming from the two sequences,
and the demodulated cavity length is extracted by computing the average of the most-
matched two cavity lengths according to Equation (11).

3.2. Simulation Analysis

To verify the feasibility of the proposed CLSM algorithm, we simulatedly gave out
the reflection spectra of several fiber-optic FP sensors with cavity lengths in the range of
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15-115 um; then the reflection spectra were processed by a program written according to
the proposed CLSM algorithm.

For a fiber-optic FP sensor with the structure shown in Figure 1, assuming its cavity
length is 60 pm and it is illuminated by an SLD with a Gaussian spectrum, the reflection
spectrum in a wavelength range of 1440-1675 nm can be given as Figure 3a. The spectrum
in the frequency domain after spectrum correction is shown in Figure 3b, in which a pair of
adjacent peaks and valleys are selected. After introducing interference order sequences,
two groups of corresponding cavity length sequences were generated, as given in Figure 3c.
The cavity length differences between the same order of the cavity length sequences were
also given. It can be seen that, at the interference order N = 74, the difference between
the two cavity length sequences reached the minimum, thus, this interference order can
be determined to be the real order, the peak and valley corresponding cavity lengths
were 59.9994 um and 59.9997 um, respectively. According to the CLSM algorithm, the
demodulated cavity length can be extracted as the average of the two values, and the
final result was 59.9995 um, which deviates from the predetermined value 60 pm only
0.5 nm. Thus, the demodulation accuracy of conventional P2P method can be significantly
improved through the proposed CLSM algorithm.

0.14 Yo
12 F
L012
3 ﬂ 3
£ 10 Z 0101
£ z
Z s} < 0.08
2 2
2 6f 2 0.06
E E
2 gl g 0.04
£ 5
U U S : N Pl U, ;
0 Llae N [ 180 185 190 195 200 205
1450 1500 1550 1600 1650 Optical frequency /THz
Wavelength /nm
(a) (b)
80 0.16
Cavity length sequence-peak 3
—=4—Cavity length sequence-valley . o’ 0.14 .
0 ® Cavity length difference . o 1 &
= 10 ® . 410. By
E . » =
~ L] a L4 @
= ° : ° 4010 2
= [ ] L] @
o0 ® ° b=
S 60 oL Tl {008 =
° ° <
b [ ] [ ] gn
'E L N=m,=74 et 10.06 5
Q ° o 2
50 F ° ° 40.04 =
° ° =
° .0 &)
L ° ) - 0.02
®, o A4d, =min(4d,)
40 1 1 a Pl 1 0.00
50 60 70 80 90 100
Interference order
(c)

Figure 3. Simulating demodulation of a 60-pm fiber-optic FP sensor through the CLSM algorithm.
(a) Reflection spectrum; (b) corrected reflection spectrum in the frequency domain; (c) generated
cavity length sequences and their differences.

Demodulation performances of the CLSM algorithm are further simulatedly inves-
tigated by the processing of other fiber-optic FP sensors with cavity lengths in the range
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of 10-120 pm; the simulation results are shown in Table 1 and Figure 4. It can be found
that the maximum demodulation error of the CLSM algorithm was about 1.1 nm, in com-
parison, the maximum demodulation error of the conventional P2P algorithm was about
39.7 nm. It can be confirmed that the proposed CLSM algorithm can effectively improve
the demodulation accuracy.

Table 1. Simulated demodulation results for 10-120 um FP cavities through the CLSM and double-
peak algorithm.

Predetermined Demodulated Cavity Length (um) Demodulation Error (nm)
Cavity Length (um) CLSM P2P CLSM P2P
10.0000 9.9999 10.0010 0.1 1.0
20.0000 19.9998 20.0033 0.2 3.3
30.0000 29.9998 30.0049 0.2 49
40.0000 39.9997 40.0108 0.3 10.8
50.0000 49.9996 50.0267 0.4 26.7
60.0000 59.9995 60.0236 0.5 23.6
70.0000 69.9995 69.9754 0.5 24.6
80.0000 79.9993 79.9645 0.7 35.5
90.0000 89.9992 90.0382 0.8 38.2
100.0000 99.9991 100.0385 0.9 38.5
110.0000 109.9991 110.0383 0.9 38.3
120.0000 119.9989 119.9603 1.1 39.7
0.0011
120 F
o—° ~—@— Relative error I
~—@— Calcuated cavity length
i 100 -4 0.0010
2 ]
5o ey N
£ sof / \ / 4 0.0009 %
> e, ol
.é 60 @ \. 2
2 <4 0.0008 E
- @
< 40} / =
k. ®
S 4 0.0007
20 F
0 . L : - : —10.0006
0 20 40 60 80 100 120

Preset cavity length /pm

Figure 4. Relationships of the simulated cavity length and the error versus the preset cavity length.

The relationships of the simulatedly demodulated cavity length and the demodulation
error versus the preset cavity length are shown in Figure 4. It can be seen that there was
a good consistency between the calculated results and the preset cavity length. An R2
coefficient of 0.9999 can be obtained by linear fitting, and the relative error is at most 0.001%.
Thus, the feasibility and good performances of the CLSM algorithm were successfully
verified by the simulation.

4. Experimental Verification

To verify practical performances of the CLSM algorithm, an experimental setup for the
cavity length demodulation of fiber-optic FP sensors was built, as shown in Figure 5. The
system consists of a superluminescent diode (SLD, 3-dB spectral range: 1523~1613 nm), an
optical circulator, and an optical spectrum analyzer (OSA, Antitsu, Japan, model: MS9740A,
best resolution: 30 pm). The fiber-optic FP sensor can be directly connected to the system
through port 2 of the optical circulator.
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Figure 5. Experimental system for the cavity length demodulation of fiber-optic FP sensors.

The wideband light emitted from the SLD is inputted into port 1 of the optical circula-
tor, and is outputted and illuminated on the fiber-optic FP sensor through port 2. Part of
the light is reflected back, which carries on the modulation information from the FP sensor.
The reflected light passes through port 2 of the optical circulator and is outputted by its
port 3, and finally, received by the OSA to obtain the reflection spectrum. By processing the
reflection spectrum on a computer through a program written according to the proposed
CLSM algorithm, the cavity length of the fiber-optic FP sensor is extracted.

The tested fiber-optic FP sensors are fabricated according to the structure shown in
Figure 1. Nine FP sensors with different cavity lengths of 16.4698 pm, 29.3783 pm, 41.0298 um,
53.2906 um, 64.1130 um, 76.3849 um, 88.1071 um, 102.0809 um, and 113.5901 um were fabri-
cated and connected to the experimental demodulation system one by one.

In Figure 6a, the reflection spectrum of a 64.1130 pm fiber-optic FP sensor is given.
After amplitude correction and wavelength-to-frequency transformation, the corrected
spectrum is shown in Figure 6b. A pair of adjacent peaks and valleys is selected, and
the corresponding center frequencies are v, = 196.5094 THz and vp, = 195.3397 THz.
Then the corresponding cavity length sequences are generated according to Equations
(9) and (10), as shown in Figure 6¢c. The cavity length differences between each pair of
the cavity lengths with the same interference order are also given. It can be observed
that when the interference order was 84, the cavity length difference had the minimum
value, correspondingly, the cavity lengths generated ware 64.1191 um and 64.1191 pm,
respectively, and the average cavity length was 64.1191 um, which deviates from the real
cavity length about 6.1 nm, thus, the error was only 6.1 nm.

Demodulated cavity lengths and errors of the nine fiber-optic FP sensors with different
cavity lengths are shown in Table 2 and Figure 7, where all the results were gotten from
one-time sampling of the spectrum without any averaging. It was found that the maximum
error of the CLSM algorithm was 8.8 nm. In comparison, the maximum demodulation error
of the traditional P2P algorithm was 5.5 um. Thus, in the real experimental demodulation,
the demodulation error of the CLSM algorithm was also much improved compared to the
traditional P2P method.
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Figure 6. Spectra and cavity length sequences for a 64.1130-um fiber-optic FP sensor. (a) Reflection
spectrum; (b) corrected spectrum in the frequency domain; (c) generated cavity length sequences and
their differences.

Table 2. Experimental demodulation results of 15-115-um fiber-optic FP sensors by the CLSM algorithm.

Predetermined Cavity Demodulated Cavity Length Demodulation Error
Length (um) CLSM (um) P2P (um) CLSM(nm) P2P(um)
16.4698 16.4656 18.7605 4.2 2.3
29.3783 29.3735 32.0028 4.8 2.6
41.0298 41.0245 43.8287 53 2.8
53.2906 53.2961 56.8075 5.5 3.5
64.1130 64.1191 68.1084 6.1 4.0
76.3849 76.3916 80.9057 6.7 4.5
88.1071 88.0998 92.9886 7.3 49
102.0809 102.0893 107.3067 8.4 5.2

113.5901 113.5813 108.0648 8.8 55
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Figure 7. Relationships of the demodulated cavity length (left) and demodulation error (right) versus
the standard cavity length.

Finally, to give out an evaluation of the demodulation resolution of the proposed
CLSM algorithm, FP sensors with four different representative cavity lengths of 16.4698,
41.0298, 64.1130, and 88.1071 um were continuously demodulated 100 times. As an example,
the demodulated results for the cavity length of 64.1130 are shown in Figure 8. It was
found that the maximum value of the cavity length was 64.1199 um, the minimum value
was 64.1181 um, the average value was 64.1190 um, which deviated from the preset cavity
length of about 0.0059 um, the variation range was 1.8 nm, and the standard deviation
was 0.45 nm. Thus, an accuracy of 6 nm and a resolution of 0.45 nm were achieved. For
the other three cavity lengths of 16.4698, 41.0298, and 88.1071 um, through a similar way,
the resolution was evaluated to be 0.17, 0.27, and 0.97 nm, respectively. Obviously, the
resolution was gradually decreased with the increase of the cavity length, however, the
relative results preserved a much better level.
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Sample number
Figure 8. Repeated measurement of a fiber-optic FP sensors for 100 times.

5. Conclusions

In conclusion, a novel cavity length sequence matching algorithm based on a combined
valley peak positioning approach for the accurate demodulation of fiber-optic FP sensors
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is successfully proposed and demonstrated. A pair of neighboring peaks and valleys
is positioned to generate two cavity length sequences, which are compared to get the
most matched interference order, and from this interference order, the accurate cavity
length is extracted. The algorithm solves the problem of low demodulation accuracy of
fiber-optic FP sensors of the conventional P2P demodulation method due to the failure to
determine the interference order. Simulations and experiments for fiber-optic FP sensors
with cavity lengths in a range of 15-115 um show a maximum error of 8.8 nm. The proposed
algorithm can significantly improve the demodulation accuracy relative to the conventional
P2P algorithm, which may be used in practical applications of fiber-optic FP sensors.
Furthermore, with the update of a few parameters, the proposed algorithm can also be
used for the accurate demodulation of other interferometric-type fiber-optic sensors, such
as Mach—-Zenhder interferometric sensors, through the optical path difference calculation.
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