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Abstract

Subject of study. An all-fiber grating sensor system has been applied to composites forming
monitoring for real-time monitoring of the changes of temperature and strain in the forming process.
The purpose of the work is optimization of sensor parameters based on fiber-optic Bragg gratings
by reducing the effect of photoelectric conversion errors during signal demodulation. Method.
Two kinds of fiber gratings, including polarization maintaining fiber grating have been used as
sensing elements and demodulation elements respectively. The all-fiber sensing system for real-time
monitoring of composites forming process has been built. The system acquires the optical signals
related to the parameters to be measured, records the optical power of the signal and converts it to
the wavelength shift in real time. The temperature and strain can be calculated real-time according to
the wavelength. The fiber grating with linear spectrum used as a linear demodulator is designed and
developed by ourselves. Main results. The demodulator has the linear demodulation in 1544—-1556 nm
with a linearity of 2.21 dB/nm and the sensor has a dynamic range of 1200 °C and 11000 pe. The
experimental results show that the all-fiber grating sensor system we designed can clearly reflect the
changes of temperature and strain of the composites during the forming process. In the steady state,
the maximum temperature difference is less than 10 °C, the maximum temperature difference is less
than 100 pe, which is consistent with the actual situation. Practical significance. The demonstrated
feasibility of the sensor system provides a new thought of demodulation and monitoring for composites
forming process. Through the further optimization, it can realize more rapid and accurate real-time
monitoring for composites forming process.

Keywords: real-time monitoring, superstructure fiber grating, linear demodulation, temperature,
strain
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Annoranusga

IIpeamet uccaemoBauua. [IyTu IpoeKTUPOBAHUSA CUCTEMBI CEHCOPOB HA OIITOBOJOKOHHBIX OPATTOB-
CKUX pelreTKax JJid KOHTPOJIA B PeaJbHOM BpeMeHU U3MEeHEeHUN TeMIIepaTyphl U BHYTPEHHUX CUJIOBBIX
HaTPSAKeHUN B poliecce (opMupoBaHUsa KoMmo3uToB. Ileqas padoTsl. OnTUMM3aIA IapaMeTpOB CeH-
copa Ha OCHOBE OIITOBOJIOKOHHBIX OPATTOBCKUX PEIIETOK ITOCPEICTBOM YMEHbBIITeHUA BAUIHUA ITOTPEIIT-
HOCTel (hOTOs/IeKTUUECKUX IIPe00pa30BaHNU IIPU AeMOAYIAINY curaaaa. Meroa. OKcIlepuMeHTaJIbHbBIe
WCCJIeOBAHUSA OPUTMHAJIBLHOM CIIeIINaJIbHO pa3paboTaHHOM CUCTEMBI CEHCOPOB KOHTPOJIS TEMIIEPATYPhI
¥ BHYTPEHHUX CUJIOBBIX HANPAKEHUI B COCTaBe AIBYX BUAOB ONTOBOJOKOHHBIX OPITTOBCKUX PEIETOK:
PellIeTKU C YCJIOKHEHHOU CTPYKTYPOM, YYBCTBUTEIBHON K COCTOAHUIO MOJAPUIAIIUN U ABJIAMOIIENCA
WCTOYHUKOM CUTHAJA, W PEIIeTKU C JUHEHHBIM CIeKTPOM, UCIIOJb3yeMol KaK AeMonyasaTop. OcHoB-
HbIe pe3yabTaThl. [[paKTHUYecKy peajn3oBaHa CUCTEMA CEHCOPOB IJIs KOHTPOJS U3MEeHEeHUN TeMIiepa-
TYphl ¥ CUJIOBBIX HANPAMKEHUIl B mpoiiecce (OPMUPOBAHUSA KOMIIOBUTOB C AUHAMHUYECKUM AMAIIa30-
oM 1200 °C u 11000 MIIa n makcumanbHOM morpemtHocTbio MeHee 10 °C u 100 MIIa cooTBeTCcTBEH-
HO. IIpW 5TOM XapaKTepUCTHUKA AeMOIYJIAINNY JUHEWHA B nuanasdone 1544—-1556 HM ¢ TUHEHHOCTHIO
2,21 nB/um. [IpakTHueckasa 3HAYNMOCTD. [loTBepIKIeHA BO3BMOYKHOCTE CO3/TaHUS CUCTEMbI CEHCOPOB,
obecmeunBarolieii 6ojee OBLICTPBIA U TOUHBIN MOHUTOPUHT IIpoIlecca (POPMOBAHUA KOMIIOBUTOB B Peasib-
HOM BPeMeHHU 110 CPABHEHUIO C M3BECTHLIMU CUCTEMAMU.

KaroueBpie c1oBa: MOHUTOPUHT B PeaibHOM BPEMEHM, OIITOBOJOKOHHBIN OPITTOBCKUM CEHCOD, JIM-
HelHasa IeMOIyIALNA, KOHTPOJIb TeMIIEPATYPhI, BHYTPEHHNE CUJIOBbIe HAIPAKEeHU S

BaaromapHocTh: paboTa BBITIOJNHEHA IIPU moxanep:kKke PoHIa ecTecTBeHHBIX HayK [Ilanxas (rpaT
Ne 21ZR1402400) u HCcTUTYTa HEMMHENHBIX HAYK YHUBepcurera [lyHXYya.

Cceprnka aaa mutupoBanuga: Zhan Ya., Zhang W., Xu L., Han M., Wang Z. Real-time monitoring
for composites forming process based on superstructure fiber grating sensing and linear demodulation
(MouuTOpPUHT mporecca (popMOBAHUA KOMIIO3UTOB C IIOMOIILIO CEHCOPA HA OCHOBE OITOBOJIOKOHHBIX
OpPSITOBCKUX PEIIETOK IIPU HCIIOJb30BAHUN JUHEHHON NeMOAYJIAINYA B peaJbHOM BpeMeHu) [Ha aHrJI.
as.] // OnTuueckuii kKypraa. 2023. T. 90. Ne 9. C. 91-101. http://doi.org/10.17586,/1023-5086-
2023-90-09-91-101

Kox OCIS: 060.2370

1. INTRODUCTION

Carbon fiber composites are widely used in aero-
space, automobile, high-speed train and other
industrial fields due to their high specific
strength, corrosion resistance and good designa-
bility[1-3]. Asthe performance of the composites
structures is affected by two key forming pro-
cess parameters, temperature and strain [4, 5],

it is necessary to conduct real-time monitoring
technology for the two parameters.

Traditional temperature sensors have several
defects, such as short service life, unstable per-
formance, slow response and low measurement
accuracy. Traditional strain sensors have large
volume and are not suitable to be embedded into
composites for monitoring [6].
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Therefore, optical fiber sensors[7, 8], especial-
ly optical fiber grating sensors, have been used
for the two parameters’ monitoring. Compared
with the traditional sensors, optical fiber sensors
are small in size and can be embedded into the
structures with less influence and good corro-
sion resistance, electromagnetic interference re-
sistance [9, 10]. At the same time, fiber grating
has high sensitivity and resolution with good
wavelength coding spectral characteristics [11].

At present, the mode of fiber grating moni-
toring for composites forming process is based
on the characteristics of selecting and reflecting
the specific wavelengths [12]. The wavelength is
recorded by demodulation instrument, and then
the temperature and strain is calculated through
data processing [13]. However, this monitoring
model has some limitations. This method is easily
affected by the photoelectric conversion process,
resulting in asynchronous response of collected
data and even wavelength data loss. On the other
hand, because of the large size of demodulation
instrument, it is not convenient to carry, and it is
easy to affect the internal optical path structure
by vibration in the process of handling, resulting
in inaccurate demodulation data.

Therefore, an all-fiber grating sensor has been
achieved. Optical fiber gratings, including su-
perstructure fiber grating, are used as the sens-
ing elements and also as demodulation elements.
A fiber grating with linear reflection spectrum
hasbeen used as the linear demodulator for linear
edge filter demodulation. The sensor system can
acquire the real-time reflected optical power by
the sensing grating and convert the optical power
into the wavelength of the grating. The tempera-
ture and strain during the composites forming
process can be demodulated in real time, which
provides a new idea for monitoring the forming
process parameters of composites structure.

The purpose of the work is optimization of
sensor parameters based on fiber-optic Bragg
gratings by reducing the effect of photoelectric
conversion errors during signal demodulation.

2. PRINCIPLE

2.1. The sensing principle

of embedded fiber Bragg grating

As shown in Fig. 1, the central wavelength Ag
of the reflection spectrum of the fiber Bragg
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Light signal

Optical fiber

Fiber Bragg grating

Reflected signal Transmitted signal

Fig. 1. Fiber Bragg grating sensing principle

Puc. 1. Ilpunnumn peiicTBuUsI ceHcOpa Ha OCHOBe
OIITOBOJIOKOHHOM OPATTOBCKOM PEIIETKY

grating (FBG) is mainly modulated by two para-
meters: the effective refractive index ng¢¢ of the
fiber core and the periodic length A of the grating.
The specific relationship is shown as follows:

Ap = 2nesrA. (1)

When the strain and the temperature are ap-
plied to the fiber grating, the total wavelength
shift can be expressed as

AMppG = Arg[(1—Fo)Ae+(0+E)AT] = @)
= K8A8+ KTAT
Here, P, is the elastic-optic constant, Ae¢ is the
axial strain change, AT is the temperature
change, K, and K are respectively the strain
coefficient and temperature coefficient, o and &
are the thermal expansion coefficient and ther-
mo-optic coefficient of optical fiber respectively.

2.2. The sensing principle of polarization
maintaining fiber grating

For polarization maintaining fiber Bragg grat-
ing (PMFBG), its fast axis and slow axis with
stress birefringent have different effective re-
fractive indexes (n, and ny). Its reflection spec-
trum has two reflection peaks with different
central wavelengths, as shown in Fig. 2 and ex-
pressed by Egs. (3), (4)

Ay =2n,A, (3)
Ay =2n A, @)
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Fig. 2. Reflection signal spectrum of the PMFBG
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When its temperature and strain fluctuate,
the two wavelengths shift. The shifts of fast ax-
is and slow axis can be expressed by Egs. (5), (6)

Al = K¢ Ae+ Kp, AT, (5)
Aky = K¢yAe+ Ky AT. (6)

Two formulas can be obtained

o Krathy + KAy

£= , (7)
KeyKTx +KexKTy

_ KexOhy + Key A, @
KexKTy + KeyKTx

where Ak, and Ak, are wavelength shifts of the
PMFBG in fast and slow axes, K, and K, are
temperature coefficients in fast and slow axes
respectively, K¢, and K are strain coefficients
of the grating in fast and slow axes respectively.

2.3. Principle of linear filter demodulation
Linear demodulator is based on the principle
of edge filtering, which can convert the wave-
length shift into the optical power variation
within a certain range. When the reflected light
of sensor grating enters the linear filter, its out-
put power changes. It needs to convert the opti-
cal power into the wavelength shift, so as to re-
alize wavelength demodulation [14].

The output optical power of the linear filter
can be expressed as

P(\)=K\+B, 9)

where k£ and B are the slope and intercept respec-
tively, which can be measured.

The relation equation I(A) between the reflect-
ed light of the grating and the optical power sig-
nal can be expressed as follows:

+00
I0) = f ROL—A)H(\)d\'. (10)

—0oQ

According to Eq. (10), H(}) and R(\) are the
transmission spectral function and grating re-
flection spectral function of the filter respective-
ly. The approximate linear variation in a smaller
norm along its edge can be represented by I7(}),
thus I() can be further expressed by H(}) and I;(A)

I(M) =HM)IL; (M), (11)
+00
L= f R(OA\—M\)d). (12)

According to Formula I and I, after the re-
flected light signal of fiber grating is linearly
modulated by matched grating, the reflected
peak power changes linearly with wavelength
drift. If the linear proportional factor is pu, then

V =uI(). (13)

When the grating reflected signal passes
through the linear filter, the output power of the
filter changes, while the reflected signal center
wavelength shifts. Therefore, the change of the
center wavelength is converted to the change of
the optical power, and wavelength demodulation
is realized. The method is fast and not affected
by photoelectric conversion.

3. EXPERIMENTS

3.1. Schematic diagram of the linear filtering
with grating demodulator

The schematic diagram of the linear filtering is
shown in Fig. 3. The linear demodulator is a fiber
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grating with linear spectrum designed and de-
veloped by ourselves. The incident light enters
into the sensor grating array through the annu-
lar device and forms a narrow band spectrum
after the selective reflection. The 3dB coupler
divides the light into two beams. I is directly
detected to compensate for the influence caused
by the fluctuation of the light source. Iy passes
through the linear demodulator and arrives at
the photodetector [15].

The specific parameters of the linear demod-
ulator are shown in Table. The reflection spec-
trum of the linear demodulator is shown in Fig. 4.
It can be seen that the linear demodulator has
a good linearity in the range of 1544-1556 nm.
The conversion between the optical power and the
wavelength can be achieved well in this range.

Bandwidth
light source

Fiber grating array

3dB coupler

Linear demodulator

Detection

Photodetector clettiss, .

Fig. 3. Schematic diagram of linear demodulator
Puc. 3. Cxema JnHeIHOTO JeMOLYIATOPA
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Fig. 4. The reflection spectrum with high performance
linear range
Puc. 4. CiekTp oTpaskeHHOro CUrHaja B PacIiInpPeHHOM
JuanasoHe JUHENHOCTH
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Specific parameters of the grating used as linear filter

MapameTpbl peLeTkn, UCMONb3YeMON B KadecTBe
JINHeNHoro dunsTpa

Optical parameters The numerical

Demodulation range, nm 1544-1556
Transmittance, % short wavelength 10
long wavelength 90
Bandwidth, nm 12
Linearity rate, dB/nm 2.21

3.2. The validity of the linear demodulator

In order to verify that the designed linear de-
modulator can respond sensitively to tempera-
ture and strain, the experimental systems have
been designed as shown in the Fig. 5, and the
forming process of composites structures has
been monitored.

3.2.1. The schematic diagram

of the sensor with linear demodulator

Figure 5 shows the schematic diagram of the
sensor system with linear demodulator. Wave-
length acquisition is carried out by the grating
linear demodulator and by high-speed demodu-
lator MOI! for comparison.

For verification and comparison, the laying
scheme of the sensor grating is designed. A to-
tal of 10 layers of composites pre-preg laminates
were laid in the experiment. Four FBGs were
laid at different angles on the fifth layer, as
shown in Fig. 6.

3.2.2. Results of the linear

demodulator verification

FBG1, FBG2, and FBG3 are connected to chan-
nel 1, channel 2, and channel 3 of the demodula-
tion instrument respectively. FBG4 is connect-
ed to the linear filter, and its reflection optical
power can be converted to its wavelength shift.
The wavelength shifts of the four sensor grat-
ings are plotted together, as shown in Fig. 7.

It can be seen from Fig. 7 that time interval
0—40 min is the heating stage, and the resin flow
releases a lot of heat, so the slope of the curve is
large. Time interval 40—140 min is the insulation
stage, the oven is close to the set temperature, so
the curve rises gently. Close the oven for natural

1 Micron Optics Int.
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FBG1 (Connect to
demodulator channel 1)

Light Circulator Counler FBG2 (Connect to
source p/ demodulator channel 2)

FBG3 (Connect to
demodulator channel 3)

Tunable Linear
Fabry—Perot filter filter

FBG4 (Connect to
linear filter)

A

Photodetector el e
meter
A
Record and display wavelength Optical power is converted to wavelength

Fig. 5. The schematic diagram of the monitoring system for verification and comparison
Puc. 5. CTpykTypHas cxemMa CUCTeMbl MOHUTOPUHTA /I €€ SKCIIEPUMEHTAJIBLHOM IPOBEPKU

Layers 6—-10
Position ®
Polyimide high temperature /ﬂ»—-—"
fiber grating osition @ |:>Layers 5
— Pbsition ®
sition @

/ Layers 1-4

T J
T

Fig. 6. The laying scheme for validation experiment (FBG1 at position ©, FBG2 at @, FBG3 at @, and FBG4 at @)

Puc. 6. Cxema yposuell npu skcnepumenTaabHoi nposepke (FBG1 B mosunuu O, FBG2 — @, FBG3 — O,
and FBG4 — @)

100

Wavelength shift, nm
5 8 3

Temperature variation, °C
N
o

o

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time, min Time, min

Fig. 7. (a) Wavelength shift and (b) temperature variation of validation experiment
Puc. 7. Cmeilrienne qInHbI BOJIHBI () U ©3MEHEHNE TeMIIepaTypsl (0) Ipu sKCIIePUMEHTAIbHOM IPOBEPKE
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cooling after 140 min. Due to the large tempera-
ture difference between inside and outside the
oven, the rapid drop of temperature leads to the
shrinkage of the resin inside the material, and
the curve shows the large slope decline.

The wavelength shift of FBG1, FBG2, and
FBGS3 in the figure can well reflect the macro
changes of the composites forming process, and
the results of the three sensors are consistent,
which demonstrates the accuracy of the instru-
ment monitoring, and provides a reliable refer-
ence for the comparison of the designed linear
demodulator.

During the heating stage, the linear modem
demodulating wavelength and demodulating
wavelength demodulation apparatus have a cer-
tain error, this is due to the unstable tempera-
ture change inside the oven. In other stages, the
temperature measured by the linear demodula-
tor is consistent with the temperature measured
by the other three high precision demodulators,
which proves that the designed linear filter has
a good feasibility.

3.3. The all-fiber grating sensor

In Section 3.2, the effectiveness of the designed
linear demodulator is verified. In this section,
an all-fiber grating sensor is achieved based on

Light
source
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the linear demodulator. The all-fiber grating
sensor uses fiber gratings as both sensing ele-
ments and demodulators, which eliminates the
influence of photoelectric conversion and pro-
vides a new idea for composites forming moni-
toring.

3.3.1. The diagram of the all-fiber

grating sensor

In the all-fiber grating sensor system, the FBG
and the PMFBG are used as the sensing element,
and the linear demodulator is used for demod-
ulation, as shown in Fig. 8. The temperature
and strain can be demodulated by recording the
optical power with the linear demodulator ac-
cording to the relationship between the optical
power.

3.3.2. Laying scheme of the gratings

for the experiments with all-fiber system

In the experiment, a total of 10 layers of compos-
ites pre-preg laminates were laid. Two FBGs and
one PMFBG were laid on the fifth layer to en-
sure that the gratings were in the center of the
laminates. Keeping the three gratings close to
each other ensures that temperature and strain
are evenly distributed during the forming pro-
cess, as shown in Fig. 9.

FBG1
"l (Angle is 0° laid)
Coupler FBE2
‘l/ (Angle is 0° laid)
3 PMFBG
- (Angle is 0° laid)
Linear
filter

Optical power

me

ter

|

Optical power is con\-rerted to wavelength

Fig. 8. The schematic diagram of the all-fiber sensor system

Puc. 8. CrpykTypHas cxema CUCTEMBI CEHCOPOB
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4. RESULTS AND ANALYSIS

According to the laying scheme in Fig. 9, the
composites forming process is monitored, and
the temperature and strain are demodulated by
linear demodulator, so as to realize the online
monitoring of the all-fiber sensor system.

Figure 10a shows the temperature results.
The curve can well reflect the heating, insulation
and cooling stages of the process. The thermo-
couple can withstand the temperature of about
250 °C and is stable at about 180 °C, so that it
can provide a reliable reference for verifying the
accuracy of the all-fiber grating sensor.

In the heating stage, the maximum difference
of the monitored temperature between FBG,
PMFBG and thermocouple is 1.5 and 3 °C re-
spectively. The main reason may be the instabil-
ity of temperature change and the inconsistency
of heating at different positions inside the ma-
terial. However, with the increase of time, the
difference gradually decreases after the heating
stage tends to be stable.

In the insulation stage, the maximum dif-
ference of the monitored temperature between
FBG, PMFBG and thermocouple is 1.8 and 2 °C
respectively. This difference is mainly caused by
the inconsistency of heat release caused by the
flow rate of resin at different positions inside
the material.

In the cooling stage, the maximum difference
of the monitored temperature between FBG,
PMFBG and thermocouple is 2 and 3 °C respec-
tively. At the last stage of the cooling process,
the slope of PMFBG is smaller than the FBG and
thermocouple; this is because the cooling in this

Polyimide high
temperature fiber grating

Polyimide high temperature ‘//

polarization maintaining fiber grating

position is faster and the completion of curing is
earlier than in other positions.

In the process of composite molding, the pro-
cess conditions are set as heating stage — con-
stant temperature stage — slow cooling stage —
fast cooling stage. As can be seen from Fig. 10a,
during time interval 0—70 min, the temperature
monitored by the three sensors presents an al-
most linear rise. In time interval 70-115 min,
the temperature is always in a constant state
of 180 °C; since the set temperature of oven is
160 °C, the temperature drops almost linearly.
At 140 min, the oven is turned off and the tem-
perature drops rapidly. In conclusion, the tem-
perature monitored by the sensor meets the set
process conditions.

In order to verify the effectiveness of the all-
fiber sensor system, two repeated experiments
were carried out. A FBG was used as the sensing
element, and the temperature changes during
the experiment were demodulated. Meanwhile,
the temperature measured by thermocouple was
compared as shown in Figs. 10c, d.

It can be seen from Figs. 10c, d that the tem-
perature monitored by the all-fiber sensor sys-
tem has basically the same trend as that moni-
tored by the thermocouple in different experi-
ments, and the monitoring results can reflect
the temperature that changes dynamically dur-
ing the forming process of thermoplastic com-
posites. Compared to the thermocouple, the FBG
monitoring of the temperature fluctuation is
more obvious, so the curve is not smooth; this
is because the FBG is more sensitive to the tem-
perature changes, even the tiny temperature

Layers 6—-10
Oo Position ©®
Oogsmlon @
/. Position ® Layers 5
Layers 1-4

Fig. 9. The laying scheme for all-fiber grating sensor (FBG1 at position ©®, FBG2 at @, PMFBG at ®)

Puc. 9. Cxema ypoBHeil cHCTEeMBI OIITOBOJOKOHHBIX CEHCOPOB HaA OCHOBe OparroBckmx perretrok (FBG1
B nosunuu O, FBG2 — @, PMFBG — Q)
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Fig. 10. (a) Temperature variations and (b) strain results of the all-fiber grating sensor. (c) Temperatures of
validation in the 1st and (d) 2nd experiments

Puc. 10. TemneparypHble usMeHeHUA (a) U Pe3yabTaThl U3MEPEHUA BHYTPeHHUX Hamnps:keHuii (b) cucremoit
OIITOBOJIOKOHHBIX CEHCOPDOB Ha OCHOBe OpPSTTOBCKUX peNIeTOK. Pe3ysbTaThl W3MePEeHUs TeMIlePaTyphl
B mepBoM (c¢) 1 BTopoM (d) sKCcIIepuMeHTax

changes can cause Bragg wavelength shift,
which can reflect the complex changes of the
composites forming process in more realistic
light.

In the repeated experiments, the process
conditions were set as heating stage — cooling
stage. As can be seen from Fig. 10c, the tem-
perature monitored by grating and thermocou-
ple increases during time interval 0—130 min.
After 130 min, the oven temperature is set at
80 °C, and it can be seen that the temperature
drops almost linearly and slowly. It can be seen
from Fig. 10d that the temperature rises during
time interval 0-120 min. At 120 min, the oven
is turned off and the temperature drops rapidly.

In order to test the strain monitoring ability
of the full grating demodulation system, a com-
parative analysis was made between the strain
monitored by the all-fiber system and that one
directly measured by the strain gauge, as shown
in Fig. 10b. The three curves can well reflect
the heating, insulation and cooling stages of
the composites forming process, and the curve
trend is basically the same.

During the heating stage, the thermal expan-
sion effect is produced by the release of large
amounts of heat from resin melting, so the strain
increases. After 20 min of the heating stage,
the maximum difference of epgg, epmrpg and
strain gauge is about 200 pe. The main reason
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may be the different degree of thermal expan-
sion effect at different positions in the material.
In the insulation stage, the oven stops heating
up, and the internal strain changes of the mate-
rial tend to be stable. The strain monitored by
the three sensors fluctuates around 3500 pe.
After 90 min, it enters the cooling stage.
At this time, the strain is greatly affected by
the temperature, and the temperature diffe-
rence between inside and outside the oven is
used for rapid heat exchange, and the resin in-
side the material shrinks, when it is cold. Resin
flow velocity and gel point time are different
at different locations, leading to certain diffe-
rences in strain in cooling stage compared with
heating and insulation stages.

5. CONCLUSIONS

In this paper, we designed and developed the fi-
ber grating linear demodulator based on the
edge filter demodulation principle and applied
it for the monitoring of composites forming
process. Firstly, the verification experiments
have been accomplished. The feasibility and
effectiveness of the linear demodulator have
been proved. The experimental results have
been compared to those obtained by the high-
precision MOI demodulator. It has been proved
that the linear demodulator can clearly reflect
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