
1 Introduction
The problems of techniques for automatic evaluation of

interferometric measurements are much studied nowadays,
because of the rapid development of digital interferometric
techniques and their applications in industrial practice
[1–10]. Depending on the specific character of the measure-
ment problem to be solved, various phase evaluation methods
can be used [11–19]. Some of these methods use only one
intensity frame, i.e. an interferogram, to determine the phase
values, while other methods need to record several inter-
ferograms to calculate the phase unambiguously. One of
the most popular and most accurate methods for phase
evaluation is the phase shifting technique [2,4,16–19]. The
phase shifting technique was first applied for analysis of
interferometric measurements in the field of classical two
beam interferometry, and nowadays it is the most widely
used technique for evaluating of interference fields in many
areas of science and engineering. The method is based on
evaluating phase values from several phase modulated
measurements of the intensity of the interference field. It is
necessary to carry out at least three phase shifted intensity
measurements in order to make an unambiguous and very
accurate determination of the phase at every point of the
detector plane. The phase shifting technique offers fully
automatic calculation of the phase difference between two
coherent wave fields that interfere. There exist many phase
shifting algorithms for phase calculation that differ in the
number of phase steps, in phase shift values between captured
intensity frames, and in their sensitivity to factors that affect
interferometric measurements [2, 16, 18, 20, 21]. The
following text describes new proposed algorithms that are
insensitive to phase shift miscalibration, and a complex error
analysis of these phase calculation algorithms is performed.

2 Phase shifting technique for
analysis of interferometric
measurements
The general principle of most interferometric measure-

ments as follows. Two light beams (reference and object)
interfere after an interaction of the object beam with the
measured object, i.e. the beam is transmitted or reflected by

the object. The distribution of the intensity of the interference
field is then detected, e.g. using a photographic plate, CCD
camera, etc. The phase difference between the reference and
the object beam, which is related to the measured quantity,
e.g. displacement, can be determined using various phase
calculation techniques.

The phase shifting technique is based on an evaluation of
the phase of the interference signal using phase modulation
of this interference signal. The intensity distribution I of the
detected phase modulated interference signal at some point
(x,y) of the detector plane is given by [2, 4, 22]
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where A is the function of the background intensity, B is the
function of the amplitude modulation, �� is the phase dif-
ference of the wave fields that interfere, and �i is the phase
shift of the i-th intensity measurement. To determine phase
values �� it is necessary to solve nonlinear equations (1) for
every point (x,y) of the detected interference pattern. If the
phase shift values �i are properly chosen in advance, there
remain only three unknowns A, B and �� that must be
determined from the recorded intensity values [2, 4, 11]. We
must carry out at least N � 3 intensity measurements with
known phase shift values �i to calculate phase ��.

3 New phase shifting algorithms
We will now show several new multistep phase shifting

algorithms that are insensitive to linear phase shift errors. We
will consider constant but unknown phase shift values �

between recorded images of the intensity of the observed
interference field. Then it is necessary to capture at least four
interferograms, because the interference equation (1) consists
of four unknowns A, B, � and ��. From the above-mentioned
assumption we can derive phase calculation algorithms that
are insensitive to linear phase shift errors. The very well
known Carré algorithm is a phase shifting algorithm of this
type [8, 11, 23]. For the intensity at every point of the
recorded interferogram we can write
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where � is the constant phase shift between captured intensity
frames, A is the mean intensity, and B is the modulation of the
interference signal. Using very well known trigonometric
relations we obtain the following equations for the phase
values �� (Table 1).

From these phase calculation algorithms it is evident that
firstly the phase values � ��� � �W � 
 , must be determined
and then the discontinuities in the phase data can be proper-
ly unwrapped using suitable phase unwrapping procedures
[24–26]. For unambiguous determination of the wrapped

phase values ��W it is necessary to find for the described
algorithms appropriate expressions proportional to functions
sin �� and cos ��. Such expressions are shown in Table 2.
Then according to the sign of the expressions we can de-
termine the wrapped phase values � ��� � �W � 
 , .

A big advantage of this type of phase calculation algo-
rithm with unknown value of the phase shift is that we can
calculate the phase shift at all points (x,y) of the detector in
order to control the distribution of the phase shift over the
interferogram. These phase evaluation algorithms are not
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Agorithm Expressions for calculation of phase values ��
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affected by miscalibration of the phase shift device and they
can be used if the phase shift is nonuniformly distributed over
the area of the detector.

4 Analysis of phase shifting
algorithms
The overall accuracy of interferometric measuring tech-

niques is determined by systematic and random errors during
the measurement process. There are many potential factors
that may influence the measurement accuracy. For analysis
of the influence of the most important factors that have a
negative effect on the accuracy of interferometric measure-
ment techniques, a mathematical model has been proposed
that enables the accuracy and stability of phase shifting algo-
rithms to be analysed with respect to chosen parameters
of the influencing factors [18]. This relationship has been
studied because the stability and accuracy of the describ-
ed phase evaluation algorithms with unknown phase shifts
also depends on the phase shift value itself. Performing the
computer analysis, the optimal phase shift values were ob-
tained for all algorithms. The given phase shifting algorithms
have the lowest phase errors for these values. The accuracy
and sensitivity of the phase shifting algorithms was evaluated
on the basis of the mean phase error � �� �� . The mean phase
error is given by
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where �(��)k is k-th simulation of the phase error �(��) for
given measurement conditions, and M is the number of
simulation cycles. The modelled function � �� �� that is shown
in Fig. 1 expresses the obtained accuracy for arbitrary phase
values �� and the chosen phase shift value �.

The optimal phase shift value �opt is found, where
the phase error function � �� �� reaches its minimum. These
values were obtained from the simulated relationship using
a polynomial approximation near the minima of these func-
tions. The resulting phase shift values �opt are shown in
Table 3.

Fig. 1 shows clearly that algorithms A1, A2, A3 and A7
have a relatively wide range of phase shift values, where
the phase error is approximately the same as the optimal
value. Therefore these phase-shifting algorithms are not too
sensitive to a change in the optimal phase shift value.

With calculated optimal phase shift values for every algo-
rithm a complex error analysis was carried out. The influence
of errors of the phase shifting device and the detector were
simulated using an appropriate model of these errors [18].
Figure 2 shows the relationship between the calculated phase
error �(��) and the phase values �� from the range (��, �),
which enables a comparison of the accuracy and stability of
phase calculation using a particular phase-shifting algorithm.
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Fig. 1: Optimal phase shift values

Algorithm Number of
steps N

Phase shift
�opt [rad]

Phase shift
�opt [ ° ]

A1 4 0.61 � 110

A2 5 0.50 � 90

A3 5 0.67 � 121

A4 6 0.38 � 69

A5 6 0.54 � 97

A6 7 0.34 � 61

A7 7 0.50 � 90

Table 3



Further, a study was made of the properties of the phase
shifting algorithms with respect to the change of parameters
simulating the real nonlinearities of the phase shifting device
and detector. With respect to the insensitivity of the phase
measuring algorithms to linear phase shift errors, we studied
only the dependency of the phase errors on the second order

errors of the devices. The dependency of the phase error
�(��) of the phase evaluation on the nonlinear behaviour of
the phase shifting device is shown in figure 3 for all compared
algorithms. Figure 4 demonstrates the dependency of the
phase error on the nonlinear response of the detector of the
intensity.
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Fig. 2: Relationship between phase error �(��) and phase values ��

Fig. 3: Effect of nonlinear phase shift errors



Finally, the computing time for phase shifting algorithms
A1–A7 was determined. The relative computing time was
calculated as the ratio between the computing time for a given
algorithm and the minimum computing time of all the
compared algorithms (see table 4).

On the basis of the error analysis we can conclude that
the most accurate algorithms are the five-step algorithm A2,
the six-step algorithm A4, and the seven-step algorithm A7.
However, the six-step algorithm A5 is the least accurate and
its computing time is the longest. The computing time de-
pends on the number of mathematical operations. It can be
seen that the computing time does not depend directly on the
increasing number of steps N. For example, the computing
time of algorithms A2, A4 and A7 is practically the same.
Algorithms A2 and A7 seem to be particularly accurate,
having stable properties for a wide range of phase step values.

5 Conclusion
This paper deals with algorithms for phase calculation in

interferometric measurement methods using the phase shift-
ing technique. It describes new multistep phase shifting
algorithms with constant but unknown phase steps between
the intensity frames. These phase evaluation algorithms are
not sensitive to phase shift miscalibration and enable calcul-
ation of the actual phase shift value at any point of the
detector plane during the measurement process. With these
algorithms, the phase shifting device can be calibrated and
measurement can be carried out if the phase shift is not
uniformly distributed over the detector area. Phase calcul-
ation algorithms with unknown phase shifts can be applied
for any measurement that uses the phase shifting technique
for measurement evaluation. The accuracy and stability with
respect to the initial phase shift values of all described
algorithms were studied, and optimal phase shift values for
particular algorithms were determined in order to ensure
the lowest possible phase errors of the phase calculation
algorithms. On the basis of the proposed model, an analysis
was performed of the influence of the most important
parameters that have a negative effect on the overall accur-
acy and stability of phase calculation algorithms, and these
algorithms were compared.
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