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Phase-shifting digital holographic technique is a powerful tool for the measurement of various physical
parameters, such as object deformation and liquid or cell’s refractive index change. However, for an accu-
rate measurement, phase-shifting error in the reference wave path is still a major issue. In this paper,
three novel and simple algorithms are proposed to quantitatively detect and correct phase-shifting error

for a pure phase object in two-step phase-shifting digital holography. Influence of phase-shifting error is
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illustrated, and the effectiveness of the proposed algorithms is demonstrated by numerical simulation
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1. Introduction

Since holography was introduced by Gabor [1], it has been
widely applied to practical measurements [2-6]. Some types of
techniques, such as off-axis digital holography [7] and phase-shift-
ing digital holography [8,9], have also been developed. Compared
with wet chemical processing method in optical holography,
off-axis digital holography is limited by the lower resolution of
charge-coupled device (CCD), and object size cannot be too large.
In the off-axis experimental arrangement, some algorithms, such
as convolution method [7] and Hilbert transform [10], can be em-
ployed to obtain phase-contrast maps. Phase-shifting digital holog-
raphy can overcome the above problems, and enhance the quality
of reconstructed images [8,9]. Phase-shifting technique [11,12]
usually employs two or more fringe patterns to extract phase-con-
trast maps, and has been widely applied to many fields [7,12].
However, with a phase-shifting operation, phase-shifting error in
the reference wave path can not be completely avoided due to an
imperfect calibration of a piezoelectric transducer. The phase-
shifting error can make a reconstructed image blurred, especially
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for the reconstructed phase-contrast map. To eliminate the
influence of phase-shifting error, some algorithms, such as fre-
quency-shifting method [13] and an averaging method [14], have
been developed. In the previous approaches [13,14], much more
experimental effort should be made to eliminate or suppress
phase-shifting error. In Ref. [15], amplitude deviation summation
of the reconstructed wave is calculated as an evaluation function
to determine phase-shifting error.

In this paper, we propose three novel and simple algorithms to
quantitatively detect and correct phase-shifting errors for a pure
phase object in two-step phase-shifting digital holography.
Influence of the phase-shifting errors is illustrated, and the effec-
tiveness of the proposed approaches is demonstrated by numerical
simulations.

2. Theoretical analysis

The in-line hologram intensities, denoted by I(x,y), are ob-
tained by the interference between an object wave O(x, y; z) and
a plane reference wave R(x, y) in the hologram plane.

li(x,y) = 0(x,y:2)0"(x,y:2) + Ri(x, y)R; (x,)
+Ri(x,y)0"(x,y:2) + Ri (x,y)O(x, y; 2), (1)
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Fig. 1. A flow chart of the procedure to determine phase-shifting error using the proposed algorithms.

where z denotes the distgnce between object plane and hologram
plane, factori=1,2,and denotes the complex conjugate.

Without phase-shifting error, the object wave in the hologram
plane is expressed as

Li(x,y) —Io(x,y) = R(x,y) +jll2(%,y) — lo(x,y) — Ir(X,)]
2R

Ox.y;2) =

=A(x,y) expljo(x,y)],
(2)

where R denotes real amplitude of the reference wave, A(x, y) de-
notes real amplitude of the object wave, ¢(x,y) denotes phase
map of the object wave, j = vV—1,I, = |A], and Iz = |R|*. The inten-
sities I1(x, y) and I,(x, y) are recorded when the phase shift of refer-
ence wave path is 0 and 7/2, respectively. In practice, Io(x,y) and
Ir(x, y) can be recorded by blocking the reference and object waves,
respectively.

With a phase-shifting error of A6 in the reference wave path,
I1(x,y) and I(x, y) are described by

I = R* + A’ + RAexp(jp) + RAexp(—jo), (3)
I, = R* + A* — jRAexp(jp) exp(—jA0) + jRAexp(—j@) exp(jAd), (4)

where for simplicity, the coordinate (x, y) is omitted. Hence, the ob-
ject wave in the hologram plane is given by

L —Io —Ig+j(I —Io — Ig)

Ox.y:2) = el
= 211 + exp(~jA0) Aexp(jo)
+ 21 - exp(A0)IA exp(ji). 5)

After the object wave is determined in the hologram plane, an
object wave O(¢, #; 0) in the image plane is determined by

0(¢,1;0) = F ' [H(f. fy; —2)0(fu. f;: 2)], (6)

where f, and f, are spatial frequencies, F-! denotes 2D inverse Fou-
rier transform, O(f, fy; z) denotes 2D Fourier transform of O(x, y; z),
and H(f,, f,; —z) is a transfer function described by
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