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Abstract: A demodulation method of spatial domain based on low-coherence interferome-
try is proposed. The original signal of spatial domain acquired by linear CCD is filtered with
all-phase filter to obtain the fringe pattern, and the phase signal of the spatial frequency
domain is retained after filtering. The fringe pattern analysis is employed to avoid phase
ambiguity and realize large measurement range in demodulation. Afterwards, using the
centroid position of the fringe, the peak position of a single fringe pattern can be obtained,
and finally the accurate peak position is calculated with seven-step phase-shifting interfer-
ometry. The demodulation method is demonstrated experimentally with Fabry-Perot sensing
system. At room temperature, it is proved that the full-scale measurement error is less than
0.019% in the range of 11 kPa to 290 kPa. From −20 °C to 70 °C, the accuracy is stable
and the maximum error is less than 0.054 kPa. The demodulation method has the potential
to enhance the measurement accuracy and adaptability in actual environment for universal
applications.

Index Terms: Optical interferometry, demodulation, fabry-perot, optical fiber sensors, pres-
sure measurement, optical fiber applications.

1. Introduction
Due to the character of absolute distance measurement, low-coherence interferometry (LCI) is
widely applied for geometric measurement [1]–[3], optical coherence tomography (OCT) [4], [5]
and detection of physical quantity that can be converted to absolute distance in the field of fiber
sensing [6]–[8].

Up to now, fringe pattern analysis and phase-based algorithm are two primary means of LCI
demodulation. Fringe pattern analysis employed pattern position of the LCI fringe for demodulation,
such as envelope [9] or peak position [10], [11]. This method requires much less computation than
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phase-based algorithm, thus can achieve high-speed demodulation. However, the fringe pattern is
susceptible to the distortion of the interference pattern [12], so it is hard to realize high accuracy.
In 2014, Wang et al. [13] retrieved the peak position of zero-order fringe pattern and thus improved
the precision of LCI. However, the calculation is complicated and the measurement accuracy and
range are limited because the method only compensated the location-dependent birefringence
dispersion. On the other hand, the phase-based algorithm employed the phase signal of frequency
domain for demodulation and has higher sensitivity [14]. Since the phase period is 2π , phase
ambiguity is the most significant problem to be solved. Some researchers focus on confirming
the fringe order to achieve phase unwrapping. In 2012, Jiang et al. [15] recovered the absolute
phase of spatial frequency domain (SFD) by selecting a specific wavenumber and unwrapping the
overlapped phase signals. In 2015, Wang et al. [16] improved the accuracy of the SFD method by
selecting multiple wavenumbers. However, the wavenumber and threshold for unwrapping relative
phase need to be selected artificially and empirically, which limits the universality and convenience
of applications. Phase-shifting interferometry (PSI) is a special phase-based algorithm, which is
widely applied for surface measurement [17], [18]. Different from other methods, PSI demodulates
absolute distance by calculating intensity signals corresponding to equal phase difference in spatial
domain [19], and it has the unique advantage of high accuracy and simple computation. For PSI,
the phase ambiguity also needs to be considered, otherwise, the measurement range has to be
limited less than λ/4 dynamic-range limitation [20], [21].

To realize measurement of wide range and high accuracy simultaneously without selection of
specific parameter in advance, a simple demodulation method is proposed. It is realized by tracing
the peak position of a single fringe pattern, which avoids the problem of phase ambiguity. The all-
phase filter [22] is introduced to eliminate background intensity and high-frequency noise of original
signal in spatial domain, therefore, the LCI fringe pattern is obtained and its phase information is
retained, which create possibilities for subsequent PSI. Seven-step PSI is employed to obtain the
accurate peak position hence the high accuracy is realized as well as wide range. Besides, the
centroid of filtered LCI fringe is employed to trace peak position of a single fringe pattern, hence
no specific parameter needs to be selected in advance. Experimental verification of the method is
realized with low-cost polarized LCI facility and Fabry-Perot (F-P) sensor. At room temperature, the
absolute pressure error is less than 0.053 kPa in the range of 11 kPa to 290 kPa, so the full-scale
(F.S.) measurement error is less than 0.019%. From −20 °C to 70 °C, the maximum pressure error
is stable and less than 0.054 kPa. The demodulation method shows high accuracy and adaptability
for actual environment and universal applications.

2. Theory
2.1 All-Phase Filtering in Spatial Domain

In addition to interference fringe, background intensity and high-frequency noise are unfavorable
for demodulation. All-phase filter is employed to eliminate both of them for obtaining LCI fringe
pattern. According to frequency sampling method, the form of N-length spatial frequency vector is

H = [H (0) , H (1) , . . . , H (N − 1)] , (1)

To acquire real-valued filter coefficients, the elements of vector should satisfy

H (k ) = H (N − k ) , 0 ≤ k ≤ N − 1, (2)

The inverse discrete Fourier transform (IDFT) of the vector is

h (n) = 1
N

N−1∑

k=0

H (k ) · e
jnk2π

N , 1 − N ≤ n ≤ N − 1, (3)
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In this paper, to filter the original signal, the vector H is designed as

H =
⎡

⎣0 · · · 0︸ ︷︷ ︸
q

1 · · · 1︸ ︷︷ ︸
p

0 · · · 0︸ ︷︷ ︸
N−2p−2q+1

1 · · · 1︸ ︷︷ ︸
p

0 · · · 0︸ ︷︷ ︸
q−1

⎤

⎦ , (4)

where q is the cut-off frequency and p is the pass-band width. Combining Eqs. (3) and (4), the
IDFT form of H can be expressed as

h (n) = 1
N

p+q−1∑

k=q

e
jnk2π

N + 1
N

N−q∑

k=N−p−q+1

e
jnk2π

N ,−N ≤ n ≤ N − 1, (5)

Using the Euler’s formula, Eq. (5) can be simplified as

h (n) = 2
N

· sin pπn
N cos (2q+p−1)πn

N

sin πn
N

, 1 − N ≤ n ≤ N − 1, (6)

Convolution window is available for improving filtering effect and weakening the Gibbs phe-
nomenon, we employ Blackman window, which can be expressed as

wBl (n) = 0.42 − 0.5 cos
2πn

N − 1
+ 0.08 cos

4πn
N − 1

, 0 ≤ n ≤ N − 1, (7)

The window function w(n) is the convolution of wBl (n) and its reversed form

w (n) = wBl (n) ∗ wBl (−n) , (8)

Combing Eqs. (6) and (8), the filtering vector of spatial domain g(n) can be expressed as

g (n) = 1
w (0)

h (n) · w (n) , 1 − N ≤ n ≤ N − 1, (9)

where w(0) is the normalization coefficient, and the length of g(n) is 2N − 1. The vector g(n) should
be convoluted with original signal of spatial domain to realize filtering. Due to the real-valued,
central symmetry and overlapping feature of g(n), the amplitude and phase signals of SFD are
retained after filtering. It should be noted that the filter g(n) is phase-retained, hence the filtered
signal of spatial domain is suitable for subsequent calculation.

2.2 Tracing Accurate Position of a Single Fringe Pattern With Centroid and PSI

In the ideal F-P sensing system, the LCI fringe pattern is stable and symmetric of different
positions. So, the centroid of the fringe or its max value of the envelope can be employed for
demodulation. However, the fringe pattern is influenced by some parameters in the actual system,
such as production defects of the optical components, the non-perpendicular incident light, and
the dispersion caused by the birefringent wedge. Thus, it is hard to realize high accuracy with the
position of whole LCI fringe.

Tracing the peak position of a single fringe pattern can avoid the distortion of whole fringe pattern
and realize higher accuracy. The relationship between peak position and cavity length is realized
by calibration. In the process of calibration, the cavity length of F-P sensing unit should be set
from minimum value L1 to maximum value Lm. The length interval �L should be equal and make the
displacement distance of the single peak less than the wavelength of LCI fringe λ. For convenience,
using the peak position of zero-order fringe F0 of cavity length L1 as the initial value, its position from
pp(L2) to pp(Lm ) can be calculated with recurrence method

{
pp (L1) = sp (F0)

pp (Li ) = sp (PN ) , { [sp (PN ) < pp (Li−1)] ∩ [sp (PN + 1) > pp (Li−1)]} , 2 ≤ i ≤ m
, (10)

where pp(L1) is the initial value which is the peak position of zero-order fringe of L1 as sp(F0),
pp(Li ) is the subsequent peak position involved in measurement when the cavity length is Li . The
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Fig. 1. Peak position of a single fringe pattern is calculated with the relation function.

maximum values of the LCI fringe is extracted as peak array, PN is the serial number of them, and
sp(PN ) is the only peak position of single fringe pattern chosen from the peak array as it satisfies
the condition of Eq. (10).

Peak position of a single fringe pattern has positive correlation property with cavity length, but
it is difficult to obtain the peak position from the original or filtered signal directly on account of
the distortion of the whole LCI fringe. The centroid position of the fringe pattern is suitable for
calculating peak position of a single fringe pattern. The centroid position lcen of the fringe pattern
can be calculated with Eq. (11).

lcen =
∑

|I(lp)|≥0.3Imax
lp · ∣∣I

(
lp
)∣∣

∑
|I(lp)|≥0.3Imax

∣∣I
(
lp
)∣∣ , (11)

where lp is the point position of the fringe pattern, I(lp) is the intensity value of the point and Imax is
the max value of the fringe points.

The centroid position can be employed to obtain the peak position of a single fringe pattern, be-
cause both of them move synchronously with the change of cavity length. In the calibration process,
the peak position and centroid position of LCI fringe of different cavity length can be calculated with
Eqs. (10) and (11), so the relation function of them can be obtained with curve fitting as shown in
Fig. 1. In other words, the calculated value of peak position can be realized with centroid position,
and the actual peak is the nearest one to the calculated value. The correct judgment of peak
position is on condition that the absolute position error between the calculated value and actual
peak is less than λ/2. In the process of demodulation, the peak position of a single fringe pattern
can be calculated with the relation function, therefore no specific parameter needs to be selected
in advance.

The resolution and accuracy of demodulation based on tracing peak position of a single fringe
pattern is limited to the size of CCD pixel. The accuracy can be improved by employing seven-
step PSI [23], [24] on condition that the step of phase difference is equal and fringe envelope is
locally linear. As the LED light source has gaussian spectrum, and the sampling points of the LCI
fringe pattern acquired with linear CCD are equally spaced in spatial domain, the condition can be
satisfied. Therefore, the relative phase ϕ(x ) of a single sampling point x composing the LCI fringe
pattern can be calculated as

ϕ (x ) = arctan
3I(x − λ

4 ) − 3I(x + λ
4 ) + I(x + 3λ

4 ) − I(x − 3λ
4 )

4I(x ) − 2I(x − λ
2 ) − 2I(x + λ

2 )
, (12)

where x is the position of the point, λ is the wavelength of the LCI fringe, and the sample interval
of intensity is λ/4. The relative phase of the sampling point alters periodically with the interference
fringe, and the wavelength λ of a single fringe pattern corresponds to a phase period of 2π . It should
be noted that the value of the relative phase corresponding to the peak position of the single fringe
pattern is zero. Therefore, the least square fitting can be employed for obtaining the relationship
between sampling point position and relative phase, and the point of intersection between the
fitted curve and horizontal axis is the accurate peak position of the single fringe pattern [13].
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Fig. 2. (a) Schematic diagram of the experimental system. (b) The spectrum of the light source. (c) The
wavelength λ of the filtered LCI fringe pattern is composed of 44 pixels.

In the process of calculating relative phase with Eq. (12), the sampling point is discarded if the
denominator is equal to zero. The accurate peak position is calculated according to the sensitive
phase information, so the accuracy can be improved to sub-pixel level.

3. Experimental Results
In order to verify the theoretical analysis in the second section, calibration and experiment are
carried out to investigate the accuracy and adaptability of the proposed demodulation method with
pressure measurement system and F-P sensor. The silicon wafer of the sensor is sensitive to
pressure, and the inflection of it leads to the length change of the F-P cavity. The F-P sensor
employed in this paper is the same type as Ref. 25. The thickness of the silicon wafer is 50 μm,
and the Young’s modulus and Poisson’s ratio are 130 Gpa and 0.2782, respectively. The radius of
the F-P cavity is 1.2 mm.

The schematic diagram of the low-cost demodulation section based on LCI and the experimental
system is shown in Fig. 2(a). The light from LED propagates in the multimode fiber (MMF) and
enters into F-P sensor via 3 dB coupler. The spectrum of the light source is shown as Fig. 2(b),
and the wavelength range of the light source is from 408 nm to 908 nm. MMF is employed as
lead-in and lead-out waveguide for improving the coupling intensity between optical fiber and optical
devices. The reflected light from sensor is guided into the polarized LCI section, which is composed
of convergent lens, polarizer, birefringent wedge, analyzer and linear CCD in sequence. The
wedge can generate continuous optical path difference (OPD) induced by difference of refractive
index between ordinary and extraordinary light. The wedge is made of MgF2, the refractive index
difference is 0.0118, and the angle is 8°. The side lengths a, b, c are 2.3 mm, 6.52 mm and 30 mm,
respectively. When the OPD generated by the wedge is the same as twice the cavity length of F-P
sensor, the LCI fringe appears on the corresponding position of CCD. The position of the fringe
alters with the length change of F-P cavity, and it is realized with the variation of pressure and
temperature. The ambient pressure is set from 11 kPa to 290 kPa with the accuracy of 0.02 kPa by
pressure controller, and the ambient temperature is from −20 °C to 70 °C in the thermal chamber.
The linear CCD has 3000 pixels, and the size of each pixel is 7 μm. The wavelength λ of a single
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Fig. 3. (a) Response curves of normal frequency sampling filter and all-phase filter in SFD. (b) The
original signal and filtered signal with all-phase filter in spatial domain. (c) Wavenumber-amplitude
curves of original and filtered signal in SFD. (d) Wavenumber-phase curves of original and filtered
signal in SFD.

fringe pattern is composed of 44 pixels (marked with red points) as shown in Fig. 2(c), so λ is
308 μm.

Fig. 3(a) shows the response curves of normal frequency sampling filter and all-phase filter in
SFD. The parameters N, p, q of the filters are set to be 150, 10 and 2, respectively. The Gibbs
phenomenon of the all-phase filter is eliminated and the transmission characteristics is improved
compared with the curve of normal filter. Fig. 3(b) shows the original and filtered signal after all-
phase filtering in spatial domain. The filtered signal makes a move of N-1 after filtering, and we
move it back to compared it with the original signal. The relative position of each peak remains
unchanged in the whole signal. The background intensity and high frequency noise of original
signal are removed, nevertheless, the LCI fringe pattern is completely retained. Figs. 3(c) and 3(d)
illustrate the comparison of amplitude and phase curves with discrete Fourier transform before
and after all-phase filtering in SFD. It can be seen that the curves of wavenumber-amplitude and
wavenumber-phase are retained after filtering. The all-phase filtering is conducive to subsequent
calculation of PSI.

Fig. 4 shows the positions of the filtered LCI fringe pattern when the ambient pressure is 20 kPa,
140 kPa and 260 kPa at room temperature (25 °C). With the increase of the ambient pressure, the
position of the fringe pattern gradually moves to the right. It should be noted that not only the whole
fringe pattern moves, but also the relative position and amplitude of every peak. For example, in
the process of moving to the right, the relative position of the zero-order fringe of 20 kPa (marked
with dashed line) alters, and it even changes to be the first-order when the ambient pressure is
260 kPa as shown in Fig. 4. As a result, the pattern of the whole LCI fringe changes at different
pressures, and demodulation methods based on envelope or centroid of it will lead to fairly big
error. Tracing the peak position of a single fringe pattern can avoid the distortion of whole fringe
pattern and realize higher accuracy.

Centroid position, which can be calculated from the filtered signal directly, is not suitable for
measuring ambient pressure accurately. However, it is suitable for obtaining the peak position of a
single fringe pattern according to Fig. 1. Fig. 5(a) shows the relationship between centroid position
and peak position of a single fringe pattern, and Fig. 5(b) shows the absolute position error. It can
be seen that the absolute error of peak position is between −34.2 μm and 32.3 μm, which is much
less than λ/2 as 154 μm, so it will not result in the misjudgment of actual peak position.
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Fig. 4. The filtered LCI fringes at ambient pressure of 20 kPa, 140 kPa, 260 kPa, and the dashed line
shows the position modification of a single fringe pattern.

Fig. 5. (a) Relationship between centroid position and peak position of a single fringe pattern. (b) Error
curve of centroid position and peak position of a single fringe pattern.

Fig. 6(a) shows the relationships of proposed method and fringe pattern position methods, such
as centroid method, envelope method, and peak position method. The envelope method employs
the Fourier transform to calculate the envelope position, which is the position of the maximum value
of the envelope [26]. The peak position of single fringe pattern and centroid position are calculated
with Eqs. (10) and (11), and the accurate position is realized with PSI as Eq. (12). It can be seen
that the correlations with pressure of centroid and envelope methods are worse than other methods
because both of them suffer from the distortion of the whole fringe pattern. Tracing the peak position
of a single fringe pattern can reduce such effect and realize higher accuracy. It should be noted
that the slope of centroid method is different from that of peak position and proposed method. The
centroid position represents the movement of the whole fringe. When the whole fringe moves to
the right side with the increasement of pressure, the relative position of single fringe pattern also
gradually moves to right as shown in Fig. 4. Therefore, the pressure sensitivity of single fringe
pattern is higher than that of centroid position. The peak position method and proposed method
are based on the position change of single fringe pattern, thus the slopes of them are different from
the centroid method. Fig. 6(b) shows the relationship of absolute phase method by unwrapping
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Fig. 6. (a) Relationships of centroid method, envelope method, peak position method and proposed
method. (b) Relationship of absolute phase method.

TABLE 1

Measurement Accuracy of Different Methods

relative phase [15], which is a phase-based algorithm, and it has strong correlation with ambient
pressure.

The measurement errors of different methods at room temperature are shown as Table 1 and
Fig. 7. Compared with other methods, the proposed method has the least error and sum of square
errors (SSE), so it can be employed to measure pressure in the range of 11 kPa to 290 kPa
accurately. The absolute error is reduced to 0.053 kPa, so the relative error is less than 0.019%
F.S. Similar to other position based methods, all the computation of the proposed method is in
spatial domain, so the computational complexity is less than that of the absolute phase method.
The same set of data is demodulated with proposed method and other methods, and the average
demodulation time is shown in the last column of Table 1. The software is MATLAB R2016a in the
laptop with the CPU of 2.3 GHz and RAM of 8 GB. The proposed method needs more time for
demodulation, it is because the computation of the proposed method is more complex than other
fringe position based methods, however, the accuracy is significantly improved.

The ambient temperature is altered to investigate the adaptability of the proposed method. The
ambient temperature is set to be −20 °C, 10 °C, 40 °C and 70 °C, and the pressure is from 13 kPa
to 253 kPa with the pressure interval of 10 kPa. Fig. 8 and Table 2 shows the measurement error
of proposed method and absolute phase method.

Compared with the absolute phase method [15], the proposed method shows higher accuracy
and adaptability at different temperatures, and it should be noted that the error of proposed method
keeps stable at different temperatures. For absolute phase method, the maximum error of 40 °C
is 0.109 kPa, but it is enlarged to 0.181 kPa and 0.172 kPa at −20 °C and 70 °C, respectively,
because the monochromatic frequency employed for unwrapping relative phase needs to be
selected in advance, but the specific frequency of 40 °C is not suitable for other temperatures
which will result in the increasement of error, and it is nearly impossible to choose the specific
monochromatic frequency for keeping the accuracy at each temperature. Therefore, the absolute
phase method is limited to the application with stable ambient temperature. In contrast, the error of

Vol. 12, No. 2, April 2020 6801111



IEEE Photonics Journal Demodulation Method of Spatial Domain

Fig. 7. Error bars of (a) centroid method, (b) envelope method, (c) peak position method, (d) absolute
phase method, and (e) proposed method in the pressure range of 11 kPa to 290 kPa.

Fig. 8. Absolute pressure error of the (a) absolute phase method and (b) proposed method at different
temperatures.

TABLE 2

Measurement Error of Proposed Method and Absolute Phase Method
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proposed method is nearly unchanged at different temperatures. Because the proposed method is
based on calculation of fringe position in spatial domain, and no parameter need to be altered at
different temperatures. The maximum pressure error is stable and less than 0.054 kPa at different
temperatures. Such character of stable accuracy with temperature enable the proposed method to
be applied in the external environment of varying temperatures.

Compared with fringe pattern analysis methods, such as envelope or centroid method, the
proposed method realizes higher accuracy with tracing the peak position of a single fringe pattern,
thus, avoid the distortion of the whole LCI fringe. After primary localization of the peak position
with centroid, the accurate peak position of the single fringe is realized with PSI for demodulation,
therefore, the problem of phase ambiguity is avoided. Compared with phase-based method, such
as absolute phase based method, the proposed method obtains the phase signal with all phase
filter and seven-step PSI, and the calculation of them is realized in spatial domain without Fourier
transform, therefore, the computational complexity of the proposed method is much less than that
of phase-based method, which retrieves the absolute phase of each sampling point with Fourier
transform. The computation of the proposed method is more than other fringe position based
method, but the accuracy is significantly improved. The higher adaptability is realized at different
temperatures because no parameter needs to be selected or altered in advance. The proposed
method can be employed for universal applications in actual environment.

4. Conclusions
In conclusion, we present a demodulation method of spatial domain to realize measurement of
wide range and high accuracy simultaneously without selection of specific parameter in advance.
The original signal of spatial domain is filtered by all-phase filter to eliminate background intensity
and high-frequency noise. The centroid of the LCI fringe is employed to calculate the peak position
of a single fringe pattern. PSI is employed to improve the accuracy. The demodulation method
is demonstrated experimentally with a low-cost F-P sensing system. It is proven to be useful for
measuring pressure with relative error less than 0.019% F.S. of room temperature. From −20 °C
to 70 °C, the pressure error is stable and less than 0.054 kPa. This demodulation method is
expected to play an important role in the fields of profile measurement, OCT and fiber sensing.
Our further research will focus on decreasing the measurement error of the proposed method with
the combination of multiple peaks chosen from the fringe pattern, thereby further improving the
measurement accuracy and the adaptability.
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