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Abstract The Fourier transform (FT) method for demodulating the extrinsic Fabry-Perot interferometer (EFPD)

possesses the advantage of high resolution and wide dynamic range for the absolute measurement in demodulating

white-light EFPI. However, the dynamic range and the resolution of this method are limited by the nonlinear

relationship with the scanning wavelength and the fence effect of FT, respectively. The cubic spline interpolation and

a modified FT algorithm are used to reduce the influence of chirped spectrum and increase the resolution,

respectively. The simulation and the experimental results show that the algorithm has seventy times enhancement of

the resolution of demodulation.
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1 Introduction

Fiber optic sensors have various advantages, such as
small size, large dynamic range. high sensitivity, immunity
to electromagnetic interference, resistance to harsh
environment and capability of multiplexing™'. In the past
decades, extrinsic Fabry-Perot interferometer (EFPI) had
emerged its development potential. Lots of important
parameters can be measured by EFPI, including pressure,
temperature , In order to improve
resolution of EFPI, numerous methods had been proposed,
including Fourier transform ( FT )™ *, wavelength-
tracking" , two-peak wavelength interrogation'"’, cross-
correlation algorithm ®', minimum mean square error
estimation (MMSE)™ , integrating a data preprocessed
FT, and the MMSE-based signal processing™ . Above

sound and so on.
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that, the FT method has a resolution not better than
tens of micron dimension because of the fence effect.
The method of fast FT™ was reported in 2000. The
method of using the data processing technology of
Gaussian interpolation in frequency domain has two
times enhancement of resolution. The method of
reducing the influence of nonlinear wavelength sampling
showed an enhancement of resolution about three times
in 2013™7.

In this paper, a new signal-processing algorithm is
described based on frequency the
spectrogram of single-mode EFPI under white-light
illumination. We change the sampling length of FT and
the frequency distribution is not the integer values
anymore, the result shows that this signal processing

estimation of
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technology has an enhancement of resolution of

demodulation about seventy of times.

2 Theory

The simple FFT method was used to demodulate the
main frequency of the signal in wavelength-domain,
while the digital frequency is not a constant but a chirp
spectrum. For a low finesse F-P interferometer, the
reflected optical intensity can be expressed as:

LG =AG) + B eos (T4 x) =

AG) + BGcos(2n 20, + 7). (D

AL
where d is the cavity length, A(2,) is the background
introduced by the light source; B(A,) is the contrast
that is relevant to the reflection of the fiber ends; = is
introduced by the reflection of the second reflector of
the EFPI; A, is the wavelength. I,(A,) shows that the
frequency of interferometric fringe changes with A, the
interference spectrum acquired by the spectrometer is
equal to that of the interval sampling in wavelength
domain, and the frequency 1/A> represents chirp
spectrum, which causes an expansion of the basic
frequency bandwidth with the increase of cavity length,
and could lead to a decrease of the dynamic range. We
change the signal from wavelength domain to optical
frequency domain as
L) =AQ) + BGcos( 24 x) =

n

+x), @

where the frequency 2d/c is a constant, however,
optical frequency v = ¢/ is not a linear variable. In
order to reduce errors caused by this effect, the cubic
spline interpolation is used to resample the interference
spectrum and the new spectrum is equally sampled in
the frequency domain. The new spectrum after
eliminating the influence of light source is shown as

[ =1+ cos (4’:d“+n). (3)

A + B(A,,)cos<4ndu

The new spectrum in digital frequency domain can be
expressed by FT method as

FGo) = Iexp(* ) dv =

-
J l—coe
[za<n>—a(n+4ﬂ1)—a(n 4:“1)} 4

where 2 is the angular frequency. According to the
discrete FT (DFT)™"", the new spectrum I(n) can be

transformed to the frequency:
N—1

DIy exp(— j2xnm /N (5)

n=0

I(Gm) represent the order of digital
the sampling

%

)exp(*jﬂu)du =

I1(m) =

where m, n, N,
frequency., the order of wavelength,

length of light frequency domain, and the amplitude of
different frequencies, respectively. Traditionally, m =
0,1, N—1,andn=0,1,--,N—1.

The cavity length of the F-P cavity can be expressed

as

ck g
2Now’
where v = (¢/A — ¢/Ay)/(N — 1) is the sampling
interval of optical frequency; c is the light speed in
vacuum; k4 is the subscript for the peak of the
frequency spectrum. In our experiment, N = 512 and
dv = 21 GHz. Because the result of k, can only be the
integer values, the ideal resolution is Ad = ¢/ (2Ngv) =~
13. 8 pum, hence that the parameter N and v are limited by
the hardware, the only parameter we can change is k,.

In this paper, we reduce one sampling point of the
DFT gradually when we proceed one DFT calculation to
reduce the fence effect and improve the resolution.
When N is reduced to N, , the distribution of m changes
with N,, m=0,N/N,,2N/N,,+*.N—1,andn=0,1,

, N, — 1, the final result shows that the k, is not the
integer values but the decimal number, and there has
more than one point in the range of 1 Hz (shown in
Fig.2), so the resolution has a significant improvement.

d= (6)

0.08} k=14
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Fig.2 Subdivision of the peak

We can express the theory as
N—1

I(m) — N’\i;I(n)exp(—jZTcmn,/N,), %)

where m;, — m,_, = N/Ni > 1, N, ranges 0. 9N to N.
The result shows that there are several points between
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1Hz with the change of Ni (shown in Fig.2). Different
frequencies have different amplitudes, and the peak
frequency corresponds to the most precise frequency.

Fig. 2 is the subdivision of the peak in Fig. 1. The
resolution of frequency is only 1 Hz in Fig. 1, which
means that the resolution of cavity length is only
13.8 ym. The resolution of frequency is 0. 05 Hz in
Fig. 2, which means that the resolution of cavity length
isup to0. 7 pm. And the result is that the resolution has
nearly twenty times improvement.

The two order polynomial curve fitting is used to
ensure the more precise basic frequency of the reflected
signal, which is shows in Fig.2, marked by /A ’; and
the black square is the more precise value of k.. After a
series of signal processes, a resolution improvement of
seventy times is obtained.

3 Experiment

The experimental setup is shown in Fig.3. The fiber
Bragg grating interrogation analyzer (FBGA) offers a
broadband source with a full-width at half-maximum
(HMFW) of 45 nm, and a peak wavelength of 1540 nm.
Its time sampling rate is 5000 Hz and the wavelength
sampling length is 512. The Michelson interferometer is
used to represent the low finesse EFPI. And the step
motor stage is used to change the air gap. The reflected
optical intensity is shows in Fig.4.

collimator

<

mirror

step motor state

mirror

PZT

Fig.3 Diagram of the experimental setup
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Fig.4 Reflect optical intensity

In the experiment, we change the air gap by step
motor stage with precision of 1 pm. To avoid the
influence of environment, a fast signal collection is used
in this system by FBGA. The demodulation results are
shown in Figs.5 and 6.

Figures 5 and 6 are the outcome of method 1 and
method 2, respectively (where method 1 and method 2
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Fig.5 Demodulation of method 1
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Fig.6 Demodulation of method 2

represent the simple FFT after interpolation in optical
frequency and the new algorithm respectively). The
result shows that the new algorithm has an obvious
improvement in the resolution of cavity length. And the
residual mean square of method 1 and method 2 are
1.58%x 10" and 3.8 X 10", respectively. Obviously,
the resolution has a considerable melioration.

Furthermore, a sensitive EFPI was used to detect the
change of pressure. In the experiment, the sensor
(EFPI) was put in a water tank., and the depth of the
EFPI is controlled manually. Figure 7 (a) shows the
structure of the EFPI and the experimental setup and
Fig. 7(b) shows the structure of the EFPI.

Figure 8 shows the cavity length changes with the
water level. We know that the water pressure is
proportional to the water level, and the experimental
result shown in Fig. 8 proves that the EFPI shows an
excellent linear relationship between the cavity length
and the pressure, the sensitivity of the sensor is nearly
3 nm/Pa. The deviation of demodulation, including the
error of depth and the error of the algorithm, is shown
in Fig.9.

Finally, the EFPI was put under water statically to
detect its stability. Figure 10 shows the experimental
result. The cavity length was measured for 3000 s, and
the sampling rate is 1 sample/s. In Fig. 10, the
standard deviation (SD) is 0.2 pm, which means that,
compared and method 1, the resolution of method 2 has
seventy times improvement.
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Fig.7 Diagram of the experimental setup. (a) Experimental setup; (b) structure of the EFPI
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Fig.10 Experimental results for stability of EFPI

4 Conclusion

In conclusion, we propose and experimentally verify a
new algorithm for demodulating the F-P cavity length.
The experimental result shows that the resolution of the
demodulation has a remarkable promotion by using the
new algorithm.
length will be influenced by the stability of the system.
The new algorithm has many applications potentially in
temperature and pressure measurement.
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