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ABSTRACT
In the accuracy measurement of phase from interferometers with adjustable fringe visibility, it needs to estimate the visibility of
experimental patterns so as to obtain the interference patterns with the maximum visibility. We develop the Fourier-polar
transform and combine the directional projection to estimate the global visibility of carrier fringe pattern. The technique is
especially used for low-quality fringe pattern such as low contrast and low signal to noise ratio (SNR) that often appear in the
interferometric experiment. An illustrative experiment based on the radial shearing interferometer is given. Results generated
from this technique are compared with the derived values from theoretical model, and exemplary agreement between both is
demonstrated.
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Introduction
Optical techniques such as digital phase-measuring
interferometer [1], electronic speckle pattern interferometer [2]
and fringe projection [3] are quite popular for non-contact
measurements in the areas of experimental mechanics,
profilometry and non-destructive testing and evaluation, and
have been applied for measuring various physical quantities
like vibration and displacement, strain, surface profile, depth,
refractive index, optical metrology operation etc [4,5]. In all
these techniques, the information about the measured physical
quantity is stored in the phase or its associated derivatives of
a fringe pattern. With image processing or signal analysis
techniques the phase (and/or its derivatives) can be extracted
from the fringe pattern.
Furthermore, compared with other optical techniques, the
interferometer holds higher precision of measurement and
thus is frequently applied in precise measurement and optical
testing [6,7]. The fringe patterns are important output
information of interferometers. Therefore, in order to realize
higher measuring accuracy, fringe patterns with high quality
need to be acquired. The influencing factors to fringe quality
mainly involve noise and nonlinear response from the detector,
intensity fluctuation from aperture diffraction, spatial
resolution and gray level of image and fringe visibility as well.
As is well known, the fringe visibility is one of the most
important factors heavily affecting the measuring accuracy of
interferometers [8,9]. Therefore, researchers go to great
lengths to design an interferometer with ideal fringe visibility.
In our previous works, two self-referencing interferometers
respectively based on point diffraction and radial shearing
structures have been built [10,11], in which the circular path
structure is used to realize common-path interference and the
wavefront phase is extracted with phase-shifting technique or

Fourier transform method. The most attractive advantage of
these interferometers is that the fringe visibility is adjustable
and it is especially important to high accuracy measurement
of interferometers. In addition to the above-mentioned devices,
researchers have built a variety of interferometers with
adjustable visibility [12-14]. Based on the special optical
structure or incident wavefront types, researchers adjust the
fringe visibility to satisfy the requirement of measurement.
Through analyzing a series of recorded patterns during the
measurement, the high visibility patterns can be generated.
Furthermore, the low-quality fringe patterns frequently appear
in the experimental tests of interferometers.
According to the definition of fringe visibility, the fringe
visibility can be calculated through finding the maximum and
minimum intensity values in the pattern [15]. However, due to
the effect of noise from the detector, fluctuation of intensity
distribution and other environmental disturbs, the
practicability of this technique is limited or only can be used
in estimating local visibility. In present, the analysis of fringe
pattern focuses on fringe filtering [16], orientation estimation
[17], fringe visibility enhancement [18], fringe pitch detection
[19], fringe shift analysis [20,21] and so on.
In view of our analysis, the estimation of global fringe
visibility available for low-quality pattern will be urgently
needed to be studied. We develop a new technique of Fourierpolar transform and use it to estimate fringe visibility of lowquality pattern. The principle of technique is introduced with
the aid of simulated fringe patterns analysis. We demonstrated
this technique on analyzing experimental fringe patterns
generated from a radial shearing interferometer with
adjustable fringe visibility.

Methods

intensity over a given space domain, the visibility is written as
[22,23]

Fringe visibility in two-beam interferometer

V   I max  I min   I max  I min 

The mathematical form of a typical fringe pattern from twobeam interference is given by

I  I1  I 2 +2 I1I 2 cos 

(2)

where Imax and Imin are the maximum and minimum intensities
respectively. For illustration, fringe patterns and their
amplitude envelope are shown in Fig.1. If the two waves
consist of only single wavelength of the same polarization,
then the predicted visibility will be

(1)

where I1 and I2 indicate the intensity distribution of the
respective waves, and  is the phase difference between two
interfering waves. All of them are the function of x and y that
refer to the spatial coordinates or pixels along the horizontal
and vertical directions.
In linear optical interferometers like the Michelson
interferometer, interference manifests itself as intensity
oscillations over space, also called fringes. Under these
circumstances, the interferometric visibility is also known as
fringe visibility. For this type of interference, in terms of the
amplitude envelope of the fringe intensity and the average

V  2 I1I 2

 I1  I 2 

(3)

Fringe visibility is scaled from 0 to 1, where 0 means no
fringes and 1 means perfect visibility [5]. According to the
above definition of visibility, Eq.(1) is rewritten as
(4)
I  I 0  I 0V cos 
where I 0  I1  I 2
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Fig. 1. Fringe patterns and their amplitude envelopes.

From Eq. (2), the fringe visibility can be estimated in terms of
the observed intensity maxima and minima in an interference
pattern. In fact, the intensity of optical beam is often nonuniform distribution, and the noise from the detector and
unstable laser intensity will also affect the intensity from each
pixel in the interference pattern deviate from the ideal
intensity. Therefore, Eq. (2) cannot be directly applied to the
experimental patterns to calculate the fringe visibility.

Fringe direction determination based on
Fourier-polar transform
By introducing tilt modulation into two interfering beams, a
carrier fringe pattern can be generated. In the case of no phase
object introduced, according to Eq.(4) the carrier fringe
pattern is written as

I  I 0  I 0V cos  2πfx cos   2πfy sin  

(5)

where f is the carrier frequency, and  is the angle between
the fringe direction and the y axis of image. Assumed that
 =70 and V=0.8, a frame of carrier fringe pattern with

circular aperture and spatial resolution of 128×128 pixels is
simulated and shown in Fig. 2(a).
The power spectrum of the carrier fringe pattern is expressed
2
as Pu, v   F (u, v) , where F(u, v) is the Fourier transform
of Eq.(5), and u and v represent the coordinates in the
frequency domain. From the power spectrum as shown in Fig.
2(b) it can be concluded that the energy spread direction in the
power spectrum is in accordance with the normal direction of
fringe pattern. Therefore, the global fringe direction can be
calculated from the power spectrum.
For ease of analysis, the power spectrum is transformed from
Cartesian coordinate (u-v system) to polar coordinate ( r -
system). The conversions relationship is given by

r  u 2  v 2，  arctan  v u 

(6)

where the meaning of r and θ are described in Fig.3(a) . The
power spectrum under polar coordinate is expressed as
P  r ,  .
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Fig. 2. Simulated fringe pattern (a) and its power spectrum (b).
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Fig. 3. Illumination of Fourier-polar transform. (a) and (b) power spectrums in Cartesian and polar coordinates, (c) total energy as a function of the
polar angle.

Due to the energy at the zero frequency being generally larger,
the data within the zone defined by r  ，  in power

that is shown in Fig. 3(c). The  m corresponding to the peak

spectrum are implemented in the processing of polar
coordinate transform, where ρ is the half size of the power
spectrum and  is set to 0.1. The annular zone within dotted
circles is plotted in Fig. 3(a). With the change of θ we can
calculate the total energy along different direction in polar
coordinates by using the following equation,

so the fringe direction is θ0 =90º－θm. For the simulated pattern
shown in Fig. 2(a), the calculated direction equals 69.41° and
the error equals -0.59°.

h   



 P  r, .

(7)

r  0.1

Therefore, we obtain the Fourier-polar transform result of the
fringe pattern. Because the power spectrum is symmetry
around the zero frequency, only half of P  u, v  , i.e.,

 [0,180) , is needed to implement the polar coordinate
transform.
Fig. 3(b) is the power spectrum under polar coordinate,
namely, the polar coordinate transform of Fig.3(a). The
accumulation along the r axis in Fig. 3(b) can obtain h  

value in h   expresses the normal direction of fringes, and

Fringe visibility estimation based on
directional projection
According to the calculated fringe direction, the directional
projection of original pattern is implemented with the
following equation [24,25],
R  x '   I  x 'cos 0  y 'sin 0 , x 'sin 0  y 'cos 0  dy '
(8)
Two coordinate systems are related by a rotation transform
that is given by

 x '   cos 0 sin 0   x 
 y '    sin  cos    y 
0
0 
  

(9)

The directional projection of the fringe pattern shown in Fig.
2(a) is shown in Fig. 4(a).
The number of valid pixels (i.e., N(x’)) within the aperture
projected on the x’ axis is plotted in Fig. 4(b). It shows that the
pixel’s numbers in different colummns along the fringe
direction are not equal. Therefore, in order to perfectly
represent the distribution of fringe intensities, the mean
x 10

projection

intensities

are

further

calculated

with

R  x ' N  x ' and are shown in Fig. 4(c). With the least

square algorithm the mean intensities are fitted to an cosine
function, so we can obtain the fringe visibility. For this
simulated pattern, the estimated visibility equals 0.79, which
closely agrees with the given value (V=0.8).
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Fig. 4. Accumulated intensities (a), pixel’s number (b) and mean intensities (c) along the fringe direction.

Experiments
Optical setup of radial-shearing interferometer
with adjustable visibility
A common-path radial shearing interferometer with adjustable
fringe visibility is design and shown in Fig. 5(left). The optical
structure includes a polarizing beam splitter (PBS), two
reflective mirrors (M1 and M2), and two lenses (L1 and L2).
The focal lengths of two lenses composed of telescope system
are f1 =250mm and f2 =300mm, respectively. The collimated
and expanded linearly polarized light from the laser passes
through the HWP and then introduces into the radial-shearing
system. The incident beam is split into two linearly polarized
beams with orthogonal polarization. The reflected beam
traverses the path PBS-L1-M1-M2-L2-PBS, and its aperture
is magnified because f1 is less than f2 . Similarly, the
transmitted beam traverses along the opposite path, and the
aperture is demagnified. The magnified and the demagnified
beams are entirely reflected and transmitted through the PBS,
respectively. Through the QWP that its fast axis orientates at
45° with respect to two linearly polarized beams, two beams
are converted into circularly polarized lights , and then
generate interference after passing through the polarizer.

The laser with wavelength of 632.8nm and an 8-bit CCD
camera are used in the setup. By appropriately tilting the
mirrors (M1 or M2) the pattern involving a few of fringes can
be generated. By rotating the HWP from 5° to 85° with a step
of 5°, a total of seventeen frames of fringe patterns with the
spatial resolution of 128×128 pixels are recorded, and six
frames of them are shown in Fig. 5(right). When α = 0° or 90°,
no interference fringes are generated.

Mathematical model of fringe visibility from
the experimental interferometer
For simplicity, assumed that the intensities of all beams are
uniform and the intensity of the incident light before the PBS
is expressed as I0 . The angle of the HWP with respect to
horizontal direction is α. The intensities of transmitted and
reflected beams through the PBS are respectively expressed as

I t  I 0 cos2 ，I r  I 0 cos2 (π / 2   )  I 0 sin 2 
(10)
Exiting from the radial shearing system, the transmitted and
reflected beams are respectively demagnified and magnified.
The intensities of two beams within their common areas
'
'
imaged onto the camera are defined respectively as I t and I r .

I t'  s 2 I 0 cos2 ，I r'  I 0 sin 2  / s 2

(11)

He-Ne laser α=
(a) 5°

M3

α= 15°

α=25°

α= 45°

α= 55°

Collimating Lens Pinhole

HWP@α
Polarizer
L1

M1

CCD

α= 35°

PBS
QWP@45°
L2
Common-path radial
shearing system

M2

f2 >f1
Reflected beam is magnified;
T ransmitted beam is demagnified.

Fig. 5. Experimental setup of common-path radial shearing interferometer and the experimental patterns under different rotating angle of HWP.
HWP, half wave plate; PBS, polarizing beam splitter; L1-L2, lenses; M1-M3, mirrors; QWP, quarter-wave plates

where s  f 2 / f1  1 that represents the shearing ratio of the
setup. According to Eq. (3) and Eq. (11) the relation between
V and α is given by

V

2cos  sin 
2
 2
2
2
2
s cos   sin  s
s tan   tan  s 2
2

(12)
From Eq. (12) we can obtain the maximal visibility (i.e., one)
when α and s satisfies the following relation,

s 2 cos2   sin 2  s 2

Furthermore, with the least square algorithm the projection
curves are respectively fitted to cosine functions, the
respective visibilities are estimated, which are shown in Fig. 9
with some square labels. For this optical setup with s=1.2,
according to Eq. (12) one can derive the relation of V and α,
which is also plotted in Fig.9 with solid line. The changing
trends of estimated and derived visibilities are in good
agreement, and the maximal visibility appears at α=55° for
both cases.
x 10
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4
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=35

'
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Eq. (13) can be derived on the basis of I t = I r . Furthermore,
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Visibility estimation of experimental fringe
patterns
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Fig.6. h(θ) curves of two patterns shown in Fig.5(right).

Calculated fringe direction ( )

The fringe directions of all experimental patterns can be
determined through finding the peak position in h(θ) as shown
in Fig.6. In this experiment, all recorded patterns hold the
same fringe direction. It can also be seen from the calculated
results as shown in Fig.7. For the low-quality patterns (such as
α ≤15° or α≥85° ), the calculated values only deviate 0.224
degree (namely 0.0039 radian) with the values calculated for
the higher quality patterns. This deviation value is equal to the
designed step of θ in the computer programming. In addition,
the greatly consistent results shown in Fig.7 indicate that the
proposed technique holds great superiority to analyze the lowquality fringe patterns. Along the calculated direction, the
mean projection intensities of all experimental patterns are
calculated. From the waveform curves as shown in Fig. 8 we
can see that these approximate cosine signals fluctuate around
a constant gray value (about 110), and the modulation
intensities gradually increases while α varies from 5° to 55°.
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Fig. 7. Fringe directions calculated for all experimental patterns.
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Conclusions
We have demonstrated a technique of Fourier-polar transform
to estimate the global visibility of low-quality interference
fringe pattern. With the home-built common-path radialshearing interferometer the proposed technique is tested
experimentally. The fringe visibility estimated from this
technique is compared with derived visibility values, and
exemplary agreement between both is demonstrated. Without
any requirement of image preprocessing such as filtering and
thresholding operation, the proposed technique can determine
the fringe direction from the power spectrum under polar
coordinate system. Furthermore, due to the use of whole
image information to determine fringe direction and the
directional projection along the fringe direction, the new
technique can reduce the effect of random noise, non-uniform
intensity distribution and laser fluctuation to the greatest
extent. Therefore, the proposed technique can be used to lowquality fringe pattern with good accuracy and reliability.
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Figures

Figure 1
Fringe patterns and their amplitude envelopes.

Figure 2
Simulated fringe pattern (a) and its power spectrum (b).

Figure 3
Illumination of Fourier-polar transform. (a) and (b) power spectrums in Cartesian and polar coordinates,
(c) total energy as a funct ion of the polar angle.

Figure 4
Accumulated intensities (a), pixel’s number (b) and mean intensities (c) along the fringe direction.

Figure 5
Experimental setup of common-path radial shearing interferometer and the experimental patterns under
different rotating angle of HWP. HWP, half wave plate; PBS, polarizing beam splitter; L1-L2, lenses; M1-M3,

mirrors; QWP, quarter-wave plates

Figure 6
h(θ) curves of two patterns shown in Fig.5(right).

Figure 7
Fringe direct ions calculated for all experimental patterns.

Figure 8
Mean projection intensities of six patterns shown in Fig.5(right )

Figure 9
The est imated visibility from experimental patterns and the derived visibility from theoretical model.

