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The collected spectrum of the fiber Bragg grating (FBG) and the loss of the detected optical power are discussed with
respect to the 3-dB bandwidth of a Fabry-Perot (F-P) type tunable optical filter (TOF), respectively. And the optimized
parameters of the TOF are obtained consequently. It is demonstrated that the relationship between the transmission wave-
length of the TOF and its drive voltage is nonlinear. A new method to compensate the nonlinearity of the TOF is proposed.
The linear sweeping of the transmission wavelength of the TOF is achieved through modifying the drive voltage using
interpolation algorithm. It is observed that the average error and the maximum error of the transmission wavelength are
reduced sharply under linear fit. The dynamic strain sensing is realized by use of a reference FBG and moving averaging
algorithm in this system.
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Fiber Bragg gratings (FBGs) have successfully been devel-
oped for using in optical fiber communication and sensing
fields since 1989[1]. One of the key issues in establishing an
optical fiber sensing system based on FBGs is the selection
of a suitable wavelength shift detection scheme[2]. Several
interrogation systems have been proposed [3-10]. The methods
are widely used for interrogating the wavelength shift of FBGs
in fiber sensing systems[2][6][11][12]. However, the parameters
of the TOF are different in different references, and the
nonlinearity of TOF is usually ignored. Little research on the
proper design and nonlinearity compensation of the TOF for
dynamic strain sensing systems has been performed.

In this paper, the dynamic strain sensing system based on
F-P type TOF is described first. Then the optimized 3-dB
bandwidth of the TOF is obtained based on the collected
spectrum of the FBG and the power loss with respect to the
3-dB bandwidth of the TOF respectively. It is demonstrated
that the relationship between the transmission wavelength of
the TOF and its drive voltage is nonlinear, which can be com-
pensated by use of interpolation algorithm. Finally dynamic

strain sensing is realized using this system.
The schematic diagram of the dynamic strain sensing sys-

tem based on F-P type TOF is shown in Fig.1. Wavelength-
division multiplexing (WDM), time-division multiplexing
(TDM) and space-division multiplexing (SDM) technologies
are combined within this system simultaneously[13][14].

The two most important parameters of the F-P type TOF
are free spectral range (FSR) and 3-dB bandwidth. They are
also the key issues in design of the TOF for dynamic strain
systems. If the FSR of the TOF is larger than the spectral
bandwidth of the broadband source, the quantity of the FBGs
is only restricted by the spectral envelop of the broadband
source. The FSR of the TOF can be set to 90 nm, which is
much larger than the bandwidth of broadband sources in most
applications.

Fig.1 The schematic diagram of the dynamic strain sens-
ing system based on F-P type TOF
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The optimized 3-dB bandwidth of the TOF can be calcu-
lated using optical spectrum analysis method. The FBG and
the TOF are treated as spectral transfer functions. In Fig.1,
the power spectra of the broadband source is S( ), where 
is the wavelength. For the sake of simplicity, the reflective
spectra of the FBG and the transmitted spectra of the TOF
can be both assumed to take a Gaussian form[11]:
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where GjR ( ) and Fj ( ) are the spectral transfer functions of
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where is also treated as the spectral width of the FBG re-
flective spectrum for simplicity. S( ) is assumed as a con-
stant in the reflective spectra of FBG and the transmitted
spectrum of the TOF, because its bandwidth is much larger
than that of the others. S is assumed as unit power of the
broadband source. Then the optical power detected by the
photodetector can be calculated as

the FBG and the TOF respectively, RjG and TjF are the peak
reflectivity of the FBG and the peak transmitivity of the TOF
respectively, jG and jF are the Bragg wavelength of the FBG
and the transmission wavelength of the TOF respectively,

jG and jF are the spectral width of the FBG reflective spec-
trum and the TOF transmitted spectra respectively. Let 
denote the ratio of jF and jG ,

From eq. (4), it is obvious that the detected optical power
I is the function of the wavelength difference  between jG

and jF ( iG- iF ) and . When  is a constant, the nor-
malized detected optical power is only the function of  .
The collected spectrum of FBG is shown in Fig.2 (a). The
original bandwidth of the FBG is expanded by 21  in
the collected spectra. The loss between the detected optical
power and the broadband source output is shown in Fig.2(b).
When  is large enough, will approach a constant and
increase very slowly. When  is reduced less than a value,
will decrease sharply. When the ratio  is set to 0.1, the peak
detected optical power will be 26 dB less than the output of
the broadband source. If the ratio   is decreased continuously,
I will be too small, and then the signal noise ratio (SNR) of
the detected optical power will be too low. From the analysis
above, the optimized ratio  should be set to 0.1. Thus the
collected spectra of FBG are close to the practical one, and
the detected optical power is large enough to have good SNR.

Additionally, the typical 3-dB bandwidth of FBG is 150 pm[1].
So the optimized 3-dB bandwidth of the TOF for the dy-
namic strain sensing systems is 15 pm.
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Fig.2 The detected optical power as the function of
(a) and (b)

The relationship between the transmission wavelength of
the F-P type TOF and its drive voltage is nonlinear due to the
intrinsic nonlinearity between the displacement and voltage
of the piezoelectric actuator in the TOF. Usually it is assumed
that there is a linear relationship, or only part of the FSR is
chosen to meet the linear response assumption if obvious
nonlinearity does exit[2].

The nonlinear relationship can be measured using tun-
able laser with 1 pm resolution. When the drive voltage is
varied linearly from 0 V to 18 V, the relationship between
them is shown in Fig.3. Under two-order polynomial fit, it is
defined as

332.1627800.4048.0 2 UUT

where T is the transmission wavelength of the TOF, U is the
drive voltage. If it is assumed as linearity, there will be large
error beyond several nanometers.

                                                                       ,                   (5)

Fig.3 Relationship between the transmission wavelength
of the TOF and its drive voltage

By use of interpolating algorithm, the compensated drive
voltage of the TOF can be obtained. Under linear fit, the
experiment data are used to calculate the relationship be-
tween the transmission wavelength of the TOF and the drive
voltage as

ii v                               ,                                                                   (6)
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where 110 ,, ki ( k is the size of the experiment
data) is the transmission wavelength of the TOF,

110 ,, ki vvvv is the corresponding drive voltage, and
)(  is a linear function which is the aim to be obtained. On

the fitting curve described by eq.(5), a set of wavelength
110 ,, ki is selected to be the nearest to i, and

the corresponding drive voltage 110 ,, ki vvvv is cal-
culated according to eq.(5). The compensated drive voltage
list of the TOF 110 ,, nj uuuu  (n is the size of the com-
pensated drive voltage list) can be obtained using spline in-
terpolation algorithm and iv . When the index j falls within
the closed interval knikin 1, , uj can be calculated
as

                                                                                   ,       (7)

where

and )( iv is the second derivative of the cubic spline func-
tion obtained by iv .

By using interpolation algorithm, the compensated drive
voltage list of the TOF is calculated between 7.2 V and
18.0 V. The transmission wavelengths of the TOF before
and after compensation are measured using tunable laser.
Before compensation, the curve of the TOF transmission
wavelength is shown in Fig.4(a). Under linear fit, the aver-
age error and the maximum error are 0.250 and 1.201
respectively. After compensation, the curve of the TOF trans-
mission wavelength is shown in Fig.4(b). Under linear fit,
the average error and the maximum error are 0.009 and
0.229 respectively. By use of interpolation algorithm, the av-
erage error and the maximum error of the transmission wave-
length are reduced by 96.4% and 80.9% respectively under
linear fit. The average error is below 10 pm. This is very
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significant for spectroscopy and wavelength interrogation.

Fig. 4 Transmission wavelength of the TOF

The dynamic strain sensing system based on F-P type TOF
described in Fig.1 can be used to realize dynamic strain
sensing. Four FBGs are placed along a single-mode fiber, of
which the Bragg wavelengths are within 1540 nm and 1560
nm without overlapping. When the compensated drive volt-
age is applied on the TOF, the spectrum of the FBGs col-
lected by the system is shown in Fig.5. One of them is as-
sumed to be the reference FBG, which is used to eliminate
noise and error in the system. And to eliminate haphazard

Fig.5 Spectrum of gratings collected by dynamic strain
sensing system

error, moving averaging algorithm is used to analyze the ex-
periment data. Eight data points are used to calculate one
strain value in this algorithm.

Using a reference FBG and moving averaging algorithm,
the demodulation strain values of the other three FBGs are
calculated. When all of them are in free state, the deviations
of the strain values for 800 time measurements are shown in
Tab.1. They are all below 3 . So the dynamic strain sens-
ing sensitivity of this system is blow 3  .

Tab.1 Demodulation strain of FBGs without stress ( )

When the FBG is modulated by the stress along the di-
rection of the fiber, the relationship between the stress and
demodulation strain is shown in Fig.6(a). When the stress is
decreased, the relationship between the stress and demodu-
lation strain is shown in Fig.6(b). Under linear fit, the slopes
of the curves in Fig.6(a) and Fig.6(b) are -0.0161 /g and

Fig.6 Relationship between demodulated strain and
stress

     FBG1 FBG2    FBG3

  Deviation          2.3  2.0      2.7
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-0.0135 /g respectively. The latter is less than the former
because of the strain remaining in the FBG when the stress is
decreased.

On the other hand, according to elasticity mechanics
theory, strain can be calculated as

where  is the strain value, F is the positive stress along the
axis direction, S is the effective area of stress, Ep is Young’ s
modulus. In this experiment, the maximum of stress is F = 2

9.8 N , the effective area of stress is S = 2.4 10-6 m2, and
Young’ s modulus is Ep = 2.06 1011  Pa. So the maximum
of the theoretical strain value is 39.6  . And the maximum
of the practical strain value demodulated by the system is
37.9 . The error between them is below 5%.

In summary the optimized parameters of the TOF are FSR
of 90 nm and 3-dB bandwidth of 15 pm. The nonlinearity
between the transmission wavelength of TOF and its drive
voltage is compensated using interpolation algorithm. Un-
der linear fit, the average error and the maximum error of the
transmission wavelength are reduced by 96.4% and 80.9%
respectively after compensation. And the average error is
below 10 pm after compensation, and there is only less than
0.4% variation over 60 nm. After compensation, the strain
sensitivity of the system is below 3   by use of a reference
FBG and moving averaging algorithm. The error between
the practical strain value demodulated by the system and the
theoretical value is below 5%.

References
[1] Kersey A D, Davis M A, Patrick H J, LeBlanc M, Koo K P,

Askins C G, Putnam M A and Friebele E J, J. Lightwave.
Technol., 15 (1997), 1442

[2] Ning Y N, Meldrum A, Shi W J, Meggitt B T, Palmer A W,
Grattan K T V and Li L, Meas. Sci. Technol., 9 (1998), 599

[3] Kersey A D, Berkoff T A and Morey W W, Electron. Lett., 28
(1992), 236

[4] Melle S M, Liu K and Measures R M, IEEE Photonic. Tech.
L., 4 (1992), 516

[5] Melle S M, Alavie A T, Karr S, Coroy T, Liu K and Measures
R M, IEEE Photonic. Tech. L., 5 (1993), 263

[6] Kersey A D, Berkoff T A and Morey W W, Opt. Lett., 18
(1993), 1370

[7] Xu M G, Geiger H, Archambault J L, Reekie L and Dakin J
P, Electron. Lett., 29 (1993), 1510

[8] Davis M A and Kersey A D, Electron. Lett., 30 (1994), 75
[9] Davis M A and Kersey A D, J. Lightwave. Technol., 13 (1995),

1289
[10]  Ribeiro A B L, Ferreira L A, Tsvetkov and Santos J L,

Electron. Lett., 32 (1996), 382
[11]  Lo Y L, Huang J F, Sung P H and Yang M D, Meas. Sci.

Technol., 11(2000), 1456
[12]  Todd M D, Johnson G A and Althouse B L, Meas. Sci.

Technol., 12 (2001), 771
[13]  Rao Y J, Ribeiro A B L, Jackson D A, Zhang L and Bennion

I, Opt. Commun., 125 (1996), 53
[14]  Rao Y J, Meas. Sci. Technol., 8 (1997), 355

S
FE p                                    ,                                                       (9)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
    /CHS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


