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Design of optical wedge demodulation system for

fiber Fabry-Perot sensor
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(School of Optoelectronics Engineering, Xi'an Technological University, Xi’an, Shannxi 710021, China)
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Abstract: In order to realize the demodulation of the cavity length of the fiber-optic FP sensor, a new optical
wedge-type non-scanning correlation demodulation system is proposed, and the characteristics and structure
of the devices used in the system are analyzed and studied. First, by simulating the light sources with differ-
ent spectral distributions and the optical wedges with different surface reflectivities, the correlation interfer-
ence signals are analyzed and the optimal structure parameters of the system components are given. Then by
comparing the light intensity distribution characteristics of the Powell prism and cylindrical lens on the lin-
ear array CCD, more uniform spectral distribution is achieved. Finally, the specific implementation scheme
and data processing method of the demodulation system are given. The experimental results show that when
the light source spectrum has a Gaussian distribution and large spectral width and the reflectivity of the
wedge surface is R = 0.5, the characteristics of the correlation interference signal are obvious and convenient
for demodulation. Finally, the demodulation system achieves the demodulation effect with an error of less
than 0.025% within the cavity length range of 60 um-100 pm. This optical wedge-type non-scanning correla-
tion demodulation method can realize the sensing demodulation of the fiber-optic FP cavity and improve the

power adaptability of different types of fiber-optic FP sensors.
Key words: fiber-optic FP sensor; non-scanning correlation demodulation; optical wedge; Powell prism; lin-
ear array CCD
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1 Introduction

As an important branch of optical fiber sensing,
the technology of optical Fiber-optic FP sensor is
developing rapidly. It is characterized by high preci-
sion, small size and anti-interference, and is widely
used in aerospace, civil engineering, medical treat-
ment and other fields!*. The changes in external
physical quantities will affect the cavity length of a
FP sensor. By demodulating the cavity length in-
formation, different physical quantities such as pres-
sure, temperature and strain can be measured™~!.

Fiber-optic FP sensors are divided into intrins-
ic type and non-intrinsic type. The intrinsic fiber FP
sensor is an internal cavity structure composed of
optical fibers. It can sense the changes of external
information by using the sensing of optical fiber.
The non-intrinsic type, however, is an external cav-
ity structure generally filled with air or vacuum and
formed by hollow-core fiber, capillary, elastic mem-
brane or other sensitive elements. These sensitive
elements are used to sense the changes of physical
quantities, while the optical fiber is only used for
signal transmission'®”). Fiber-optic FP sensors can
be fabricated by MEMS, chemical etching, direct

welding, laser processing and other methods. With a

doi: 10.37188/C0.2020-0204

simple structure and wide range of applications,
they are of great significance for structural status de-
tection under harsh working environment™ %,

Due to the application advantages of FP
sensors, the demodulation techniques for these
sensors have also developed rapidly, mainly includ-
ing intensity demodulation and phase demodula-
tion'". Intensity demodulation is relatively tradi-
tional, and is easily interfered by external factors
and optical device performance, which may result in
low demodulation accuracy!'”. Phase demodulation
is to calculate the cavity length according to the
phase information of the obtained interference spec-
trum signal. It is less affected by the light intensity,
so the demodulation accuracy is higher!"!. Correla-
tion demodulation is to introduce a dynamic refer-
ence cavity into the demodulation system in accord-
ance with the principle of cavity length matching,
and then obtain the cavity length information
through the correlation operation between the out-
put signal of FP sensor and the reference cavity sig-
nal. According to the control mode of reference cav-
ity, the demodulation techniques can be divided in-
to scanning demodulation and non-scanning de-
modulation. In the scanning demodulation system,
piezoelectric ceramics or a mechanical moving part

is generally used to control the length of the refer-
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ence cavity. In this scheme, the introduction of dy-
namic tuning signal and mechanical part often leads
to low demodulation rate and low accuracy. The
non-scanning demodulation system, however, is
based on Fizeau interferometer with optical wedge
and FP sensor as correlation components, so it has
high structural stability and has been widely used!+'®!,

The key of the non-scanning correlation de-
modulation system of fiber-optic FP sensor is to ob-
tain the correlation interference signal with evident
characteristics, and then search for the signal peak to
obtain the sensor cavity length. The demodulation
system is generally the combination of a broadband
light source, a large-aperture fiber collimator, a cyl-
indrical lens, an optical wedge and a CCD. The
spectral distribution of light source and the surface
reflectivity of optical wedge will also affect the con-
trast of correlation interference signals!'”'". The ef-
fects of triangular, rectangular and Gaussian broad-
band light sources with different spectral distribu-
tions and of the optical wedges with different sur-
face reflectivities on the correlation interference sig-
nals were simulated and analyzed. In the structural
design of the demodulation system, the correlation
module is generally the combination of a large-aper-
ture fiber collimator and a cylindrical lens. The op-
timization of this design is also ongoing. Because
the cylindrical lens can cause non-uniform light in-
tensity distribution, the demodulation difficulty will
be increased. In order to solve this problem, the de-
modulation system is optimized in this paper by pro-
posing a new optical wedge demodulation system
based on Powell prism, which can eradicate the
problem of non-uniform light intensity distribution
and eliminate the phenomenon of central hot spot
and fading edge of Gaussian beam during demodu-

lation.

2 Demodulation principle

The non-scanning correlation demodulation
method is shown in Figure 1. The length of the ref-

erence FP cavity introduced by this method varies

with space, which is realized by changing the optic-
al wedge thickness. The optical wedge has different
thicknesses at different positions. These different
wedge thicknesses can be regarded as multiple FP
fiber sensors with different cavity lengths. The
structure diagram of optical wedge is shown in

Figure 2.
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Optical fiber coupler
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Fig. 1 Schematic diagram of optical wedge demodulation

system for fiber-optic FP sensor
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Fig.2 Schematic diagram of optical wedge structure
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As can be seen from Figure 1, the demodula-
tion system is composed of a broadband light
source, an optic fiber coupler, a fiber-optic FP
sensor and a correlation module. The outgoing light
of the broadband light source is transmitted via the
optical fiber coupler to the fiber-optic FP sensor,
where the two-beam interference occurs. Then the
return light carrying the cavity length information is
transmitted to the correlation module, also via the
optical fiber coupler. The correlation module in-
cludes a fiber collimator, a Powell prism, an optical
wedge, and a linear array CCD. The fiber collimat-
or shapes the light returning from the fiber into par-
allel beams, which, in turn, travel to the Powell
prism and are converted into linear beams. Then the

linear beams enter the optical wedge, where the
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multiple beam interference occurs on two surfaces.
After being modulated by the wedge, the light
travels to the CCD. Finally, the signal is processed
to get the cavity length information.

The intensity of the interference light gener-
ated by the fiber-optic FP sensor, denoted as /,, can

be expressed as:
4
1,:21'i’(1+cos”7”l)1i , (D

where R is the reflectivity of the end face of the
fiber-optic FP cavity, n is the refractive index of the
cavity of the fiber sensor, [ is the length of the FP
cavity, A is the wavelength of the light wave, and I;
is the intensity of the light entering the demodula-
tion system.

The light source used in the non-scanning cor-
relation demodulation method is a broadband light
source. When calculating the total light intensity of
the correlation interference signals, the light intens-
ity values of the correlation interference signals gen-
erated by all wavelengths should be added to obtain
the total light intensity of the signals output through
the fiber-optic FP sensor and optical wedge, as

shown:

Ana 4nnl
I=11L 2R(1+cos T;n )*

(1-R))
4mxtand

, (2

1+R,%2=2R,cos

where R, represents the reflectivity of the wedge
surface, 6 represents the wedge angle, and x repres-
ents any position on the long side of the right tri-
angle.

The analysis of the correlation interference sig-
nals in Equation (2) shows that, in the non-scanning
correlation demodulation method, when the maxim-
um correlation signal is observed, the wedge thick-
ness corresponds to the cavity length of the fiber-op-
tic FP sensor, namely xtan6 = [. This phenomenon
is called cavity length matching. Thus, the cavity
length of the fiber-optic FP sensor can be demodu-
lated.

3 Characterization of demodulation
devices

3.1 Light source

In practical applications, the spectral distribu-
tion of a light source is not completely uniform. In
order to analyze the influence of different spectral
distributions on the demodulation signal, three spec-
tral distribution curves with different shapes,
namely Gaussian shape, triangle and rectangle, were
chosen in this paper, as shown in Figure 3 (Color
online). Among them, the Gaussian and triangular
spectra were used to simulate the spectrum of SLED
light source, while the rectangular spectrum was
used to simulate the spectrum of erbium-doped fiber
laser source. The 3 dB bandwidths and central
wavelengths of the three light sources were all the
same. Since the spectral response range of linear ar-
ray CCD was 400 nm—1 100 nm, the central wave-
lengths of the three spectral curves were assumed to
be 850 nm. As can be seen from the figure, when
the spectral curves of the three broadband light
sources have the same 3 dB bandwidth, the effect-
ive spectral width of the Gaussian light source is the
largest, while that of the rectangular light source is

the smallest.

10l Rectangle
) —— Triangle
5 _ >
2 08} Gaussian
2
£ 06
E
2 04f
=
[}
&~ 0.2

0 1 1 1 1
700 800 900 1 000
Wavelength/nm

Fig. 3 Three kinds of spectral distribution curves
K3 3 Foaidorfi sk
Considering the spectral distribution character-
istics of the light source and the spectral distribu-
tion characteristics of the light traveling in space,
the mathematical model of correlation interference

signals can be obtained according to equation (2):
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oy 4nn, L To obtain the spectral distribution curves of the
I=le™ &2 j 2R(1+cos )* .
. three light sources, the central wavelength of the
(1-R,)? simulated light source was assumed to be 850 nm,
5 4nxtan9f @Wd ., 3 the 3 dB bandwidth was 60 nm, the length of the
1+R,"—2R,cos ———

where x, is the position of the central wavelength, x
is the length of the distance from x,, B, is the
FWHM of the Gaussian distribution function of the
light traveling in space, and f(A) is the mathematic-
al model of the spectral distribution of different light

sources.

fiber-optic FP cavity was 80 pm, the thickness of
the optical wedge was between 50 um and 100 pm,
and the length of the optical wedge was 0.03 m.
Through simulation, the intensity distribution curves
of the optical wedge were obtained under the spec-

tral distributions of different light sources (Fig. 4).
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The output light intensity distribution of correlation interference signal under different spectral distributions
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It can be seen from the comparison that, when
the 3 dB bandwidths and spectral ranges of all the
spectra are the same, the curve of the light intensity
distribution under the action of Gaussian spectrum
has less background signal noise and higher output
signal contrast than those of triangular and rectangu-
lar spectra to facilitate accurate peak-finding and
high-precision demodulation. Influenced by the
characteristics of Gaussian spectrum itself, the in-
tegral spectral range of Gaussian spectrum is larger
than that of triangular or rectangular spectrum.
However, when the spectral range is larger, differ-
ent groups of correlation interference fringes are su-
perimposed on each other, leading to more sparse
correlation interference signal fringes, higher fringe
contrast and greater light intensity. In addition, the
wide-spectrum light source has a suppression effect
on the noise, mainly because it has a small coher-

ence, which reduces the coherence error introduced

by the noise. According to the analysis, a SLED
with a 3 dB bandwidth of 60 nm was selected as the

broadband light source, whose spectrum was shown

in Figure 5.
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Fig. 5 Output spectrum of SLED
5 SLED %t
3.2 Powell lens
In the optical wedge non-scanning correlation
demodulation method, the correlation module is

generally the combination of a large-aperture fiber
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collimator, a cylindrical lens, an optical wedge and a
CCD. The light passes through the fiber collimator
to the cylindrical lens. The cylindrical lens converts
the light into linear beams, which, in turn, shine on
the optical wedge. Then the wedge outputs the cor-
relation interference signals. The CCD collects the
optical signals and converts them into electrical sig-
nals. For the correlation module of this structure, it
was found in the experiment that for the lens reason,
the DC bias distribution of the obtained correlation
interference signals was not uniform, which af-
fected the demodulation of the cavity length. There-
fore, the fiber collimator and the cylindrical lens
were optimized. The size of the fiber collimator was
reduced and the cylindrical lens was changed into a
Powell prism, so as to greatly reduce the system size
and eliminate the influence of non-uniform bias dis-
tribution.

Different from cylindrical lens, Powell prism
can convert the light very well, so that the light is
distributed evenly within the fan angle of Powell
prism, rather than more in the middle and less at the
edge in a cylindrical lens. The light intensity distri-
butions of the cylindrical lens and Powell prism are
shown in Figure 6. The beam distribution formed
after the light passes through the cylindrical lens is
shown in Figure 6(a). It can be found that, the light
intensity is mainly concentrated in the middle and
decreases with the distance from the center, as seen
in the Gaussian distribution. The beam distribution
formed after the light passes through the Powell
prism is shown in Figure 6(b). After passing through
the Powell prism, the light energy is evenly distrib-
uted within the fan angle. This distribution effect-
ively eliminates the defect that the light intensity is
stronger in the middle and weaker at the edge.

In an experiment, the combination of a large-
aperture collimator and a cylindrical lens was com-
pared with the combination of a small-aperture col-
limator and a Powell prism, and a linear array CCD
was used to detect the two groups of signals. The
results are shown in Figure 7, where the abscissa

represents the CCD pixel serial number and the or-

dinate represents the relative intensity. The results
show that the background signal distribution ob-
tained by Powell prism is more uniform than that
obtained by cylindrical lens, so the use of Powell
prism as the beam-shaping structure is more benefi-

cial to signal demodulation.

() (b)

(a) Cylindrical lens (b) Powell prism
Fig. 6 Light intensity distributions of (a) cylindrical lens
and (b) Powell prism
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3.3 Optical wedge

Optical wedge is the key device to realize the
demodulation in the system. It directly determines
whether the correlation operation can be implemen-
ted. Therefore, optical wedge is very important for
the whole demodulation system. The design and se-

lection of optical wedge need to consider the cavity
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length range of the sensor. The initial cavity length
of the fiber-optic FP sensor used in the experiment
was about 80 pum. In order to expand the measure-
ment range as much as possible, the wedge thick-
ness range was roughly set as 50 um—100 pm. Ac-
cording to Equation (2), the reflection coefficient of
the wedge can affect the light intensity of the correl-
ation interference signal. In order to better determ-
ine this relationship, the light intensity distribution
of the correlation interference signal was simulated
when the reflection coefficient R was 0.1, 0.3, 0.5,
0.7 and 0.9.

The simulation results are shown in Figure 8
(Color online). As can be seen from the figure, the
light intensity of the correlation interference signal
decreases gradually with the increase of the re-
flectivity R, and the contrast of the correlation inter-
ference signal reaches its maximum at R=0.5.
Therefore, it was determined that the outer surface
of the wedge should be coated with an antireflec-
tion film covering the entire spectral range, while
the inner surface should be coated with a semi-re-
flection semi-transmission film covering the entire

spectral range.

%107
7
—R=0.1

6 —R=0.3
5 —R=0.5
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> —R=0.9
Z 4f .
2 | T
£ 3t
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g 2 L
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0 L

0.020 0.022 0.024 0.026 0.028

Position/m

Fig. 8 Comparison of correlation interference signals ob-
tained by the optical wedges with different surface

reflectivities
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The wedge width should be consistent with the
CCD width. Two glass sheets were used to fabric-
ate the optical wedge. At first, two clean glass
sheets of suitable length were chosen, with one side

coated with an anti-reflection film and the other side

coated with a semi-reflection semi-transmission
film. Two film shims, 50 pum and 100 pm thick re-
spectively, were prepared. Then the semi-reflection
semi-transmission surfaces of the two glass sheets
leaned against each other. The 50-pum thick shim
was sandwiched at one end between the glass sheets
and the 100-um thick shim at the other end. Finally,
an optical wedge was formed by bonding the ends
of the two glass sheets with ultraviolet glue. Then,
the finished optical wedge was pasted on the CCD

with ultraviolet glue, as shown in Figure 9.

()
50 Hm::{'?:'

Coated glass

Film'gasket

Fig. 9 Optical wedge structure of fiber-optic FP sensor de-
modulation system. (a) Schematic diagram of optic-
al wedge fabrication; (b) combination of CCD and
optical wedge
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4 Experimental verification

Non-intrinsic fiber-optic FP sensor is typically
fabricated by inserting single-mode fibers into a hol-
low glass tube (Figure 10). At first, two segments of
single-mode fibers with flat ends and one segment
of hollow glass tube are prepared. Then the two
fibers are inserted into the glass tube from both ends
to form a FP cavity in tube with air as the medium.
Usually, the joints between the glass tube and the
fibers are fixed with UV glue in order to obtain a
stable cavity structure. Alternatively, the fiber sec-
tions can be coated with film to improve the re-
flectivity and form a non-intrinsic fiber-optic FP

sensor with high fineness.
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Fig. 10 Schematic diagram of fiber-optic FP sensor
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The non-scanning correlation demodulation
system for fiber-optic FP sensor was built, as shown

in Figure 11. The system was composed of a SLED

Aam SRR

Fiber coupler

Cassette

light source with the central wavelength of 850 nm
and the 3 dB bandwidth of 60 nm, a 2x1 fiber
coupler, a fiber-optic FP sensor, a fiber collimator, a
30-mm long Powell prism, an optical wedge (50 um—
100 pum thick), a linear array CCD and a data pro-
cessing unit. Among them, the fiber collimator, the
Powell prism, the optical wedge and the CCD were

fixed in a dark box.

FP cavity

T

[ &

Optical wedge & CCD

Fig. 11 Experimental optical wedge demodulation system for the fiber-optic FP sensor. (a) Overall structure; (b) detailed pic-

ture of the sensor; (c) internal structure of dark box
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An fiber-optic FP sensor with an initial cavity
length of 80.067 um was connected to the estab-
lished experimental platform. The correlation inter-
ference signals were converted by CCD into elec-
trical signals for data processing. The curve of the
collected correlation interference signal is shown in
Fig. 12 (Color online). The abscissa represents the
pixel point position, and the ordinate represents the
relative intensity of the correlation interference sig-
nal converted into a digital signal.

As can be seen from the blue curve in Fig. 12,
the acquired signal contains not only the useful sig-
nal, but also low-frequency bias and high-frequency
noise. At first, the signal was converted to the fre-
quency domain through Fourier transform. The fre-
quency band where the signal was located was de-
termined. Then, inverse Fourier transform was ap-

plied to the signal in this frequency band to achieve

bandpass filtering. The red curve in the figure rep-
resents the signal obtained by the bandpass filter. It
can be seen that compared with the original signal,
the high-frequency noise and low-frequency bias in
the filtered signal have been removed, and the curve
has become smooth with an obvious envelope.
Then, direct peak-searching calculation can be

made. Alternatively, the envelope curve of the

2 %(2)8 F —Original signal
R 80 L fflf”‘|l||l|“|”|”'r\ Processed signal
g 60 M..\\.~;um-f-‘J i 'arLﬂ: ) Jlj 1 |,|L il u (1] |] U Mttt
S 40r

13

Z 20F , ”lI'I““"'}"' R
= 0 '“"'“'\""‘““4"-"--"J"f'-"-fuﬂ-’:"u'._l'u'rlllurlﬁ i ” i ||r||1f||'\u\.w\ﬁ.',f-..\I'|_.'n.\-‘,\'wm«-»m,-.«,
e

0
500 1000 1500 2000 2500 3000
Pixel serial number

Fig. 12 Signals collected by CCD in the optical wedge de-
modulation system for fiber-optic FP sensor
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filtered signal can be fitted and finally, the maxim-
um peak position on the fitted envelope curve can
be found. The calculation result shows that, the
maximum value of the correlation interference sig-
nal generated by the fiber-optic FP sensor with an
initial cavity length of 80.067 um is at the pixel
point position 1729.739.

By calibrating the demodulation system and the
standard fiber-optic FP sensor, the correspondence
relation between the pixel point position at the peak
value of the correlation interference signal and the
cavity L=11.889-n+
59 511.072 nm, where L is the cavity length of the

FP sensor, n is the pixel serial number correspond-

length is obtained as

ing to the peak position of the correlation interfer-
ence signal, and the coefficient 1is
R>=0.9999. 8 fiber-optic FP sensors with the cav-
ity lengths of 65.002 um, 69.141 um, 73.125 um,
75.109 pm, 80.067 pum, 83.692 pum, 89.388 pm and

93.474 um respectively were connected to the de-

fitting

modulation system one by one. The measured
and fitting results are shown in Figure 13. It can be
seen that the maximum error is 9 nm and the full-

scale measurement error is less than 0.025%.
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Fig. 13 Test results of optical wedge demodulation system

for fiber-optic FP sensor
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Under different light source power, the de-
modulation ranges of the optical wedge demodula-
tion systems using Powell prism and cylindrical lens
were compared, as shown in Fig. 14, and the corres-
ponding data is also given in Table 1. It can be seen
that the demodulation system using Powell prism

has strong light source stability, small demodula-

tion range fluctuation and relatively stable perform-
ance. When the power of the light source is less than
6 mW, the demodulation system using cylindrical
lens cannot realize demodulation because of the dis-
appearance of the correlation interference signal.
This further demonstrates the advantage of Powell

prism in the adaptability to light source power.
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Fig. 14 Comparison of demodulation ranges of the de-
modulation systems using Powell prism and cyl-
indrical lens under different light source powers
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Tab.1 Test data
=1 MR

Demodulation range of

Light source Demodulation range of

power/mW Powell prism/pum cylindrical lens/um

5 59.988~100.163

6 58.950~97.83 68.612~84.542
7 59.728~100.531 65.757~86.286
8 59.728~100.531 65.776~94.506
9 59.733~101.993 65.637~94.512
10 60.217~100.739 64.856~93.776
11 60.306~98.514 65.103~95.525
12 59.601~98.966 63.339~94.497
13 59.844~98.817 63.699~95.04

5 Conclusion

In this paper, a non-scanning correlation de-
modulation method based on optical wedge was
proposed for the demodulation of fiber-optic FP
sensor, and the demodulation system was optimized.
The simulation analysis of light source and optical

wedge found that, when the light source spectrum



1268 A

14 %

was Gaussian distribution, the bandwidth was large
and the surface reflectivity of optical wedge was
R = 0.5, the correlation interference signal of the de-
modulation system could achieve a higher contrast,
which was convenient for accurate peak searching

and demodulation. In addition, by applying the
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Powell prism, the influence of light intensity was
greatly improved in a certain range of light power,
and the adaptability of this modulation system to the
light source power was enhanced. Through the cal-
ibration of this system, the final measurement range

error was reduced to less than 0.025%.
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