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A phase correction method is presented to remove the phase slope of the sub-holograms caused by the
multi-direction illumination on object in digital holography. To improve the resolution of the reconstructed
holographic images, two sub-holograms are recorded by using angular multiplexing and their phase slope
parameter is obtained by theoretical analysis. Introducing a phase correction parameter to this phase slope,
the ideal complex reconstructed image can be obtained by superposing the reconstructed object wave fields
of the two sub-holograms. Experimental results demonstrate that the resolution of the reconstructed image
can be effectively enhanced.
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In recent years, with the development of the com-
puter and digital image processing technology, digital
holography (DH)[1−3] has been widely applied in many
fields such as microscopy[4−7], characterization of micro-
electro-mechanical systems (MEMS)[8], color display[9],
information encryption[10], vibration measurement[11],
and so on. However, because of the limited target size
and low spatial resolution of the charge-coupled device
(CCD) used to record the digital holograms, it is difficult
to directly obtain a holographic image with high resolu-
tion. To solve this problem, the synthetic aperture digital
holography[12,13] was proposed to compose a larger holo-
gram from several sub-holograms recorded in different
positions by the same CCD. However, this approach was
time consuming and had vast data processing. Recently,
Yuan et al. recorded multiple sub-holograms with an-
gular multiplexing in pulsed digital holography[14], but
the time delay between three pulse pairs needed to be
accurately adjusted to ensure incoherent overlapping of
sub-holograms. Mico et al. proposed an aperture synthe-
sis approach with a (VCSEL) array[15], but a specially
designed mask was needed to avoid incorrect spectrum
overlapping. Liu et al. presented a method for collecting
high frequency components of the object wavefront with
an appropriate diffractive optical element inserted in the
optical path[16], which was limited for improvement of
the resolution of the reconstructed image.

A series of sub-holograms can be recorded in one com-
posite CCD frame with angular multiplexing in DH. Each
of them covers different regions of the spatial spectrum
for the multi-direction illumination on object, and can
be independently reconstructed after the digital spatial
filtering in the Fourier spectral domain. This is equiva-
lent to enlarge the numerical aperture (NA) of the holo-
graphic recording system and improve the resolution of
the synthesized reconstructed image, but there would be
a phase slope parameter between the reconstructed ob-
ject wavefronts of different sub-holograms, which will af-

fect the quality of the complex reconstructed image. In
this letter, we propose and demonstrate a phase correc-
tion method for eliminating the phase slope.

The recording method of the hologram is displayed in
Fig. 1, where (xo, yo) and (xh, yh) denote the coordinates
of the object and the hologram plane, respectively. The
object is illuminated by two plane waves O1 and O2 with
different incident angles. O1 and O2 are firstly modu-
lated by the object transmission function t(xo, yo), and
then arrive at the recording plane of the hologram via the
Fresnel diffraction, marked as D1 and D2, respectively.
D1 and D2 can be written as
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where d is the recording distance, k = 2π/λ, and λ is
the wavelength. A reference wave R interferes with D1

and D2 in the recording plane, respectively, and the in-
tensity distribution of the recorded hologram Ih can be
expressed as

Ih = |R + D1|
2 + |R + D2|

2 = 2|R|2 + |D1|
2

+|D2|
2 + RD∗

1 + R∗D1 + RD∗

2 + R∗D2, (2)

where the two interfering terms R∗D1 and R∗D2 corre-
spond to the original wave field of the object. In the
Fourier transform domain of the hologram, the spatial
spectrum of the two interfering terms R∗D1 and R∗D2

can be separated via the spectrum filtering, respectively.
Then two diffraction fields D1 and D2 are obtained by
inverse Fourier transform for the separated spectrum, re-
spectively, and the reconstructed original object wave-
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front in the object plane can be obtained by
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exp(ikd′)
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= COnt(xo, yo), (n = 1, 2) (3)

where Ψn is the reconstructed wavefront in the object
plane, C is a constant, d′ = −d is the reconstructed dis-
tance.

In the recording process, there exists an angle between
two wavefronts of the object waves, so that a correspond-
ing phase slope parameter exists between the two recon-
structed phase planes of the object wavefronts. Suppos-
ing that O1 = A, and O2 = A exp[ik(xo cosα+ yo cosβ)],
we can obtain Ψ1 and Ψ2 from Eq. (3) as

{

Ψ1 = CAt(xo, yo)
Ψ2 = CAt(xo, yo) × exp[ik(xocosα + yocosβ)]

, (4)

where α and β are the angles of O2 to x and y axes, re-
spectively, and A is the amplitude. Comparing Ψ1 with
Ψ2, it is found that there is a linear phase parameter
exp[ik(xocosα + yocosβ)] between Ψ1 and Ψ2. If Ψ1 and
Ψ2 are superposed directly, the intensity distribution of
the synthetic complex amplitudes will be expressed as

|Ψ1 + Ψ2|
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2 + Ψ1Ψ

∗
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1Ψ2
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2
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It is noticed that the complex reconstructed image of
the two sub-holograms will produce interference from Eq.
(5). To resolve this problem, we introduce a phase cor-
rection parameter ϕ = exp[–ik(xocosα + yocosβ)]. Mul-
tipling Ψ2 with ϕ, the phase slope can be corrected ide-
ally. The complex wave field reconstructed by the two
sub-holograms is obtained finally by

Ψ = Ψ1 + ϕΨ2. (6)

Figure 2 shows the experimental setup which is analo-
gous to a Mach-Zehnder interferometer. A laser with a
power of 60 mW and a wavelength of 532 nm is used as
the light source. The recorded object is a resolution test
target with the size of 0.4×0.4 (cm) and the recording

Fig. 1. Recording principle of the hologram with angular mul-
tiplexing.

distance is 90 mm. A black-white CCD with 1626×1236
pixels and 4×4 (µm) pixel size is used to record the
digital hologram. In the recording process, the object is
illuminated by two plane waves in different propagation
directions (one is on-axis, and the other is x-off-axis),
and the angle between the two plane waves is approxi-
mately 3.7◦.

Figures 3(a) and (b) show the recorded hologram and
its spatial spectrum, respectively. The separated spectra
of the two terms R∗D1 and R∗D2 corresponding to the
two original object wave fields are marked by ellipses 1
and 2, respectively. After the spectrum filtering followed
by an inverse Fourier transform, the reconstructed object
wavefronts of the two sub-holograms in the object plane
can be obtained by Eq. (3), respectively. Figures 4(a)
and (b) depict the intensity distribution of the two re-
constructed images, respectively. Figure 4(c) shows the
reconstructed intensity image from the synthetic com-
plex amplitudes of the two sub-holograms, and Fig. 4(d)
is the regional magnified intensity image corresponding
to the selected region in Fig. 4(c). It can be seen that
many interfering fringes appear in Figs. 4(c) and (d),
because the two reconstructed object waves have differ-
ent propagation directions. So we need to use the phase
correction factor ϕ mentioned above to the actual gradi-
ent angle. Figure 5 gives the final results of the complex
reconstructed wave field by Eq. (6).

In our experiment, because the off-axis illumination
wave is tilted along x axis corresponding to the vertical
illumination wave, the change of the resolution in the
horizontal direction is merely considered in the analysis
of the experimental results. Figure 6(a) shows the recon-
structed intensity image obtained from the sub-hologram
with vertical illumination wave, and Figs. 6(b) and (c)
are the partly magnified intensity images correspond-
ing to groups 16 and 20 of Fig. 6(a), respectively. From

Fig. 2. Schematic of experimental setup. BS1, BS2, BS3:
beam splitters; M1, M2, M3, M4: mirrors; MO1, MO2: micro-
scope objectives; PH1, PH2: pinholes; L1, L2: lenses; CCD:
camera.

Fig. 3. (a) Recorded hologram and (b) its spatial spectrum.
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Fig. 6(a), we can superlatively distinguish the upright
lines of group 16, and the resolution is 59.5 lp/mm. Fig-
ure 6(d) shows the reconstructed intensity image from the
synthetic complex amplitudes of the two sub-holograms
via phase correction, and Figs. 6(e) and (f) are the partly
magnified intensity image corresponding to groups 16 and
20 of Fig. 6(d), respectively. The upright lines of group
20 can be superlatively distinguished from Fig. 6(d),
and its resolution is 74.9 lp/mm. One-dimensional (1D)
intensity image along the white dashed line in Figs. 6(c)
and (f) are shown in Figs. 6(g) and (h). The experimen-
tal results show that the resolution of the reconstructed
synthetic image obtained with the proposed approach
can be improved from 59.5 to 74.9 lp/mm in comparison
with the conventional recording method with the vertical
illumination wave.

According to the holographic theory, the resolution
of reconstructed holographic image is significantly re-
stricted by the target size and the spatial resolution of
the CCD. Although the CCD resolution is sometimes
high enough for digitally recording the interferogram,
the CCD, whose target size is usually smaller than the

Fig. 4. Reconstructed intensity image from (a) the sub-
hologram with vertical illumination wave, (b) the sub-
hologram with gradient illumination wave, and (c) the syn-
thetic complex amplitudes of two sub-holograms. (d) Re-
gional magnified intensity image corresponding to the selected
region of (c).

Fig. 5. (a) Intensity image of the synthetic complex ampli-
tudes of the two sub-holograms via phase correction and (b)
part corresponding magnification.

Fig. 6. (a) Reconstructed intensity image from the sub-
hologram with vertical illumination wave; (b) partly mag-
nified intensity image corresponding to group 16 of (a); (c)
partly magnified intensity image corresponding to group 20 of
(a); (d) intensity image of the synthetic complex amplitudes of
the two sub-holograms via phase correction; (e) partly mag-
nified intensity image corresponding to group 16 of (d); (f)
partly magnified intensity image corresponding to group 20
of (d); (g) 1D intensity image along the dashed line of (c); (h)
1D intensity image along the dashed line of (f).

holographic plate, can only record part information
diffracted in a certain space angle from the sample. With
the proposed method, a series of sub-holograms are si-
multaneously recorded with multi-direction illumination
on a transmitting object, and each of them covers dif-
ferent regions of the object spatial spectrum. This is
equivalent to improving the space bandwidth product of
the digital recording system and enlarging the target size
of CCD, so that a higher resolution can be obtained. Fur-
thermore, the proposed method is also applicable for the
reflecting objects, and we just need to change the light il-
lumination direction on the objects to get different range
spectrum.

In conclusion, a phase correction method is presented
for removing the phase slope parameter caused by the
multi-direction illumination on object. The experimental
results show that the phase slope occurring between the
reconstructed object wavefronts of the two sub-holograms
has been corrected ideally by using the proposed method,
and the resolution of the reconstructed synthetic image
has been improved obviously.
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