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An effective method for reducing the speckle noise in digital holography is proposed in this paper. Different
from the methods based on classical filtering technique, it utilizes the multiple holograms which are
generated by rotating the illuminating light continuously. The intensity images reconstructed by a series of
holograms generated by rotating the illuminating light possess different speckle patterns. Hence by properly
averaging the reconstructed intensity fields, the speckle noises can be reduced greatly. Experimental results
show that the proposed method is simple and effective to reduce speckle noise in digital holography.
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Recent development in charge-coupled devices (CCDs)
and digital computers have made it possible to record
a hologram using a CCD camera and reconstruct the
object wavefront numerically. This has led to the de-
velopment of digital holography. Compared with con-
ventional holography, digital holography has the advan-
tage that the amplitude as well as the phase information
of the object wavefront can be obtained quantitatively
and analyzed digitally without the need for wet chemical
processing. However, digital holography possesses draw-
backs which are similar to those of conventional holog-
raphy such as the presence of speckle noise due to the
roughness of object surface. Moreover, speckle noise in
digital holography has more overwhelming effects than
that of conventional holography.

Great effort has been focused on removing the
speckle noise in digital holography[1−9] and speckle
interferometry[10−15]. Garcia-Sucerquia et al.

[1] pre-
sented an effective method to reduce the speckle noise
in reconstructed image. This method is based on resiz-
ing (minishing) the reconstructed image together with
median filtering. Morimoto et al.

[2] used the divided
holograms to decrease the effect of speckle noise in de-
formation measurement by phase-shifting digital holog-
raphy. They divided the original full-size hologram into
16 small holograms. Each small hologram is pasted at
the original position on the full-size hologram with null
data at the other pixels. By searching the maximum av-
erage amplitude among the 16 reconstructed wavefronts
before and after deformation at each pixel, the phase
value at this pixel corresponding to the deformation is
determined. Recently, an effective method based on mul-
tiple holograms[3,4] is used to reduce the speckle noise in
reconstruction of digital holography. Baumbach et al.

[3]

generated multiple holograms by a set of different lateral
positions of a CCD camera which is used to record the
holograms. They utilized the shift theorem of Fourier
transform to reduce the speckle noise which can be in-
terpreted as generation of a large synthetic aperture con-
sisting of many small apertures given by a single CCD.
Kebbel et al.

[4] obtained multiple holograms by moving
continuously a diffusing screen perpendicular to the op-

tical axis of a CCD sensor. By properly averaging sev-
eral phase images with different speckle patterns, they
improved drastically the accuracy of the phase measure-
ment.

In this paper, a method based on multiple holograms
to reduce the speckle noise in digital holography is pre-
sented. However, the multiple holograms are gener-
ated by rotating an illuminating beam through different
angles. This is different from the above-mentioned
methods[3,4]. A series of off-axis Fresnel holograms of
a same object are captured. By properly averaging the
reconstructed intensity images, the speckle noise can be
suppressed drastically.

It is known that the effect of speckle noise in laser in-
terferometry can be measured using the contrast value of
a speckle pattern. The higher the contrast value is, the
more significant the effect of speckle noise will be. The
contrast of a speckle pattern is defined as

ν =
σ

〈I〉
, (1)

where 〈I〉 =
∑

i

∑

j

I(i, j)/(n × m) is the mean

value of intensity I of a speckle pattern, n ×
m is the size of the speckle pattern, and σ =
(

∑

i

∑

j

(I(i, j) − 〈I〉)
2
/(n × m − 1)

)1/2

is the standard

deviation of intensity of speckle pattern. For a standard
interferometric speckle pattern, its intensity presents a
distribution of negative exponent. Hence the contrast
value for a standard speckle pattern is always equal to 1.

Assuming that I1, I2, · · · , Ip represent a series of
speckle patterns (p is the number of speckle patterns)
and follow the same intensity distribution but are statis-
tically independent of each other, we have

〈

Î
〉

= 〈Ii〉 , (2)

where
〈

Î
〉

is the mean value of Î and Î = 1
p

p
∑

i=1

Ii, while

〈Ii〉 is the mean value of any speckle pattern Ii. In addi-
tion, we have
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σ̂ = p−1/2σi, (3)

where σ̂ and σi are respectively the standard deviations
of Î and Ii. Combining Eqs. (1)—(3), the contrast value

of the averaged speckle pattern Î can be deduced as

ν̂ =
σ̂
〈

Î
〉 = p−1/2νi, (4)

where νi = σi/〈Ii〉 is the contrast value of Ii. It can be
seen that the contrast value of the averaged p speckle
patterns is decreased by a factor of p−1/2 compared with
that of a single speckle pattern. Hence the devastating
effect of speckle noise can be significantly reduced by
properly averaging a number of speckle patterns that do
not correlate with each other.

In holography, the hologram is formed by the interfer-
ence between object and reference waves. Hence different
incidence angles of illuminating beam will generate holo-
grams with different fringe patterns. The reconstructed
images by these different holograms will possess different
speckle patterns. Hence by properly averaging the re-
constructed intensity images, the speckle noise can be
reduced effectively. In fact, the use of averaging multi-
ple speckle patterns in reduction of speckle noise can be
found in early coherent imaging systems[10]. In Ref. [10],
the authors introduced a random vibration (100 − 1000
Hz) to the generated different spackle patterns so that
they could observe directly the time-averaged image on
a screen, not like the process in digital holography which
needs first the intensity reconstruction for every holo-
gram before carrying out the averaging algorithm.

Figure 1 shows the schematic of experimental setup
for recording an off-axis Fresnel digital hologram. A
50-mW He-Ne laser beam (λ = 632.8 nm) is divided by
a polarization beam splitter (PBS) into illumination and
reference beams. The reference beam is converted to a
plane wave by use of a beam expander consisting of a pin-
hole for spatial filtering and a lens for collimating, and is
directed at the CCD sensor through a mirror and a beam
splitter (BS). A polarizer in front of the beam expander
is used to control the intensity of the reference wave.
The illuminating beam is directed at an object through
a rotational mirror (RM). The tested object is a battery
which is measured about 4.7 cm long and 1.3 cm in diam-
eter. A series of holograms with a recording distance of
570 mm were obtained at different rotation angles of RM.

Fig. 1. Experimental setup for recording an off-axis digital
hologram.

The CCD camera used in the experiment is Pulnix TM-
1402. The pixel size of CCD sensor is 4.65×4.65 (µm) and
the pixel number used is 1024×1024. Off-axis holograms
were obtained with the reference wave inclined at an in-
cidence angle θ and the object wave propagating perpen-
dicular to the CCD sensor surface. Since the CCD sensor
possesses a relatively low spatial resolution, the incidence
angle θ should not exceed a maximum value (θmax) for
which the carrier frequency of the interferogram is equal
to the Nyquist frequency of the detector. θmax is given
by

θmax =
λ

2∆x
, (5)

where λ is the wavelength of the laser beam and ∆x is
the pixel size of the CCD sensor. The value of θmax in
the present experimental setup is calculated as 3.90◦.

Figure 2 shows a hologram of the battery captured
using the setup. Figure 3 shows the intensity images re-
constructed using Fresnel transform algorithm based on
multiple holograms. The numbers of holograms used for
the intensity reconstruction are respectively 1, 4, 8, and
12. It can be seen from Fig. 3(a) that the speckle noise
overlaid the whole reconstructed image and the battery
could not be viewed clearly. However, by properly av-
eraging the multiple reconstructed intensity images, the
speckle noise is suppressed and the visibility is improved

Fig. 2. Recorded hologram of a battery.

Fig. 3. Reconstructed images of a battery obtained by (a)
single hologram; (b) 4 holograms; (c) 8 holograms; (d) 12
holograms.
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effectively. The more holograms are used, the clearer the
reconstructed image is. In addition, because the holo-
grams are obtained using illuminating light with different
directions, the direct superposing of the reconstructed
wavefronts obtained using these holograms can result in
additory fringes. Hence, in this paper, the reconstructed
intensity fields (not the reconstructed wavefronts) is av-
eraged to reduce the speckle noise. Similarly, averaging
the reconstructed wavefronts is not adopted to evaluate
the phase field. Another question is that there are two
white squares near the zero-order diffraction as can be
seen in Fig. 3. This phenomenon may result from some
other light which reaches the CCD target and mixes
with the object wave and illuminating wave to form a
hologram. Then when we perform the reconstruction,
this unnamed light recurs as seen in the reconstructed
images.

Figure 4 shows the corresponding distributions of
the relative deviations δ obtained using the equation
δ(i, j) = (I(i, j) − 〈I〉) / 〈I〉 on a region Marked “A” in
Fig. 3(a). We can see that the relative deviation de-
creases with increasing the number of holograms. This
shows again that the speckle noise is significantly reduced
by the multiple holograms. Figure 5 shows the contrast
values of reconstructed intensity fields versus the num-
ber of holograms used for reconstruction. The contrast
values are also calculated from region A. We can see from
Fig. 5 that the contrast value of reconstructed image by

Fig. 4. Distributions of the relative deviations corresponding
to Figs. 3(a)—(d) for region A indicated in Fig. 3(a).

Fig. 5. Contrast values from region A in reconstructed inten-
sity images versus the number of holograms used.

a single hologram is not exactly equal to 1. This indi-
cates that the speckle pattern formed by reconstruction
of a single hologram is not a standard one. It is also
seen that the contrast values decrease drastically at the
first and then decrease at a lower rate with increasing
number of holograms. This phenomenon seems coinci-
dent with Eq. (4) which presents a variation of contrast
values according to p−1/2. However, in fact the contrast
values do not strictly vary according to p−1/2 because
of the partial correlation between the reconstructed in-
tensity images obtained by every single hologram. This
can be seen in Fig. 6 which shows the distribution of
correlation coefficients evaluated by the relationship be-
tween the reconstructed intensity fields by every single
hologram:

Cp,q

=

n
∑

i

m
∑

j

[(Ip(i, j) − 〈Ip〉) (Iq(i, j) − 〈Iq〉)]

[

n
∑

i

m
∑

j

(Ip(i, j) − 〈Ip〉)
2

n
∑

i

m
∑

j

(Iq(i, j) − 〈Iq〉)
2

]1/2
,

(6)

where p and q represent the image pair to correlate.
p = 1, 2, 3, · · · , 12, q = 1, 2, 3, · · · , 12. Cp,q is the
correlation coefficient of the considered image pair
(cp·q ∈ [−1, 1]). n and m are the sizes of images in
pixel. i represents the row and j represents the column.
〈Ip〉 and 〈Iq〉 are the average values of intensity images
Ip and Iq. The total number of the reconstructed images
in our experiment is 12 (More holograms can be captured
so long as the test object is within the illuminating field).

Fig. 6. (a) 2D plot of correlation coefficients between the 1st,
12th reconstructed images respectively and the other 11 re-
constructed images. (b) 3D plot of the correlation coefficients
between every pair of reconstructed images (total number of
reconstructed images is 12).
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Fig. 7. Reconstructed images of a sculpture obtained by (a)
single hologram; (b) 5 holograms; (c) 10 holograms; (d) 15
holograms.

Figure 6(a) shows a two-dimensional (2D) plot of corre-
lation coefficients between the 1st, 12th reconstructed
intensity images respectively and the other 11 recon-
structed intensity images. Figure 6(b) shows a three-
dimensional (3D) plot of correlation coefficients between
every pair of the 12 reconstructed images. It can be seen
from Fig. 6 that the reconstructed images by every sin-
gle hologram are partial correlative, and the correlation
coefficients are distributed random around 0 but not ex-
actly equal to 0. In addition, a ridge in Fig. 6(b) which
represents the self-correlation coefficient of the recon-
structed images has a constant value of 1.

Figure 7 shows the experimental results of another
specimen. The test object is a merlion sculpture mea-
sured about 4.3 cm high and 2.5 cm in diameter. The
numbers of holograms used for the intensity reconstruc-
tion are respectively 1, 5, 10, and 15. It can be seen once
more that the proposed method is an effective approach
in speckle noise reduction in digital holography.

In conclusion, the speckle noise in digital holography
can be reduced effectively by using multiple holograms

which are obtained by rotating the illuminating beam
continuously. The experimental results on a battery and
a sculpture show that the presented approach can be used
conveniently to decrease speckle noise in intensity recon-
struction in digital holography.
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