Modified phase shifting algorithm for digital holography
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In this article, we propose an extension of the Advanced lterative Algorithm by
Wang and Han. This extension enables us to calculate the amplitude distribution
of the object wave directly by parameters used in the iteration process. Finally, the
calculated result is compared to the measured amplitude distribution of the object

wave.

1 Introduction

Phase-shifting digital holography is widely used to
determine the phase as well as the amplitude of the
object’s wave [1, 2]. As a side effect, the zero-order
term and the twin image can be eliminated in the
reconstructed image.

To perform phase-shifting digital holography
(PSDH), several holograms have to be recorded,
each with the phase of the reference wave shifted
to different states. For hologram recording a con-
ventional holographic setup can be used, as long
as a phase-shifting element is included in the op-
tical path of the reference beam (see Fig.1).
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Fig. 1 Setup for phase-shifting digital holography

In total, there is a high number of different algo-
rithms for PSDH available, one of them being the
Advanced lterative Algorithm (AlA) by Wang and
Han [3]. A significant advantage of the AlA is, that
the phase-steps do not have to be fixed. Hence, it is
possible to use this method with phase-shifting ele-
ments that are not able to create repeatable steps.
In this work, we will demonstrate, thatt it is possible
to calculate not only the objects phases but also the
amplitudes as well.

2 Advanced lterative Algorithm

In principle, the AIA works in two steps. In the first
step, the phase-values ¢, are considered to be
known and constant, while the phase-steps 4? have

to be calculated. Hence, The intensity at the pixel
number x and at the recorded hologram number p
can be written as

IP = AP 4+ CP cos (¢ + 67) . (1)

Using the assumption that the contrast and the in-
tensity of the background are constant at the full
area of every single hologram equation 1 can be re-
shaped to

12 = aP? +bPcosep, + Psing, 2)
a? = AP

b? = CPcoso?

c? = —CPsind?

by using addition theorems. The difference between
the calculated and the measured value of the in-
tensity can be measured by applying the method of
least squares to equation 2 giving

N
Sp:Z(apﬂ—b'pcos%—i—cpsm(bx—15)2 . (3)

rx=1
Hence, the derivatives of S? have to be set to zero
oSP oSP oSsP
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The results of these three equations then can be
written into a matrix

N > cos ¢, > sin ¢,
> cos ¢, >~ cos? ¢y > cos ¢, sin ¢y,
Sising, Y. cosdysing, S sin? ¢,

a? S IP
x| WP | = > IEcosg, | . (5)
cP S IPsin ¢,

This system of equations has to be solved for ev-
ery hologram which can be done easily because the
number of holograms equals the number of phase-
steps. So, §P can be calculated by a?,b? and ¢?, while
AP and C? will be dismissed.

In the second step, the phase-steps will be consid-
ered as constant and known by using the results of
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the first step. Additionally, we use the assumption
that the contrast and the background intensity are
the same in following holograms. The new variable
to be found is the phase ¢,. Hence, equation 1 will
be reshaped to

I = a;+ by cosd? + ¢, sind? (6)
a, = AP

by = CPcos¢,

¢z = —CPsing,.

To this new equation the same procedure is applied
as in the first step. So, again the final system of
equations can be written in matrix-form

P > cos o > sin o
Stcosd?  Slcos?dP > cosdPsin 6P
>sind? > cos 0P sin 6P S sin? 67
g 217
x| bs | = | IEcosd? | . (7)
Cx > IPsin P

This matrix has to be solved for every pixel of
the hologram which can be done easily by a LU-
decomposition. With these results it is possible to
gain finally gain the phase, as well as the amplitude
distribution. The phase is given by

¢, = arctan <—lc)z> . (8)

x

This result can be used as a new starting point of
the first step, doing an iteration process till the result
converges.

The amplitude distribution of the object wave O, can
be calculated by the three parameters a,, b, and ¢,
as well, since the intensity can be written as

I, = 024 R?+20,R,cos(¢,) (9)

ay + by cos 0P + ¢, sin 6P

ay a2 — b2 —¢c2
\/2iV4' (10)

Due to the symmetry of the solution, it is not possi-
ble to determine directly the right result of the two
solutions. A possible solution of this problem is to
ensure, that the reference or the object wave has a
higher intensity than the other.

0, =

3 Results

In figure 2 the calculated amplitude distribu-
tion is compared with the measured one. The
amplitude distribution was measured by block-
ing the reference wave in the optical setup.
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Fig. 2 Setup for phase-shifting digital holography

The average deviation of the two images is 1%.
The reconstructed image with the calculated am-
plitude 3 has a slightly higher contrast than the
reconstructed image with the measured ampli-
tude. Otherwise, they are almost identical.

Fig. 3 Setup for phase-shifting digital holography

4 Conclusion

We presented a method to extend the Advanced It-
erative Algorithm by Wang and Han, so that the am-
plitude distribution can be calculated as well. The re-
sult of the calculated amplitude distribution is almost
identical to the measured one with a slightly higher
contrast in the resulting reconstructed image.
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