Spatial filtering for zero-order and twin-image
elimination in digital off-axis holography
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Off-axis holograms recorded with a CCD camera are numerically reconstructed with a calculation of
scalar diffraction in the Fresnel approximation. We show that the zero order of diffraction and the twin
image can be digitally eliminated by means of filtering their associated spatial frequencies in the
computed Fourier transform of the hologram. We show that this operation enhances the contrast of the
reconstructed images and reduces the noise produced by parasitic reflections reaching the hologram plane
with an incidence angle other than that of the object wave. © 2000 Optical Society of America
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1. Introduction

Digital holography is a new imaging technique that
uses a charged-coupled device (CCD) camera for ho-
logram recording and a numerical method for holo-
gram reconstruction. In comparison with classical
holography, which employs photographic plates as
recording media, the major advantage of digital ho-
lography is that chemical processing of the hologram
is suppressed, thus adding more flexibility and speed
to the holographic process. Advances in computer
performance and electronic image acquisition devices
have made digital holography an attractive option for
many applications.-10

As with classical holography the reconstructed im-
age contains a zero order of diffraction and two twin
or conjugate images called the virtual image and the
real image. In the in-line configuration originally
proposed by Gabor!! these three terms overlap and
cannot be observed separately. In the off-axis geom-
etry invented by Leith and Upatnieck2 they propa-
gate along different directions and can be observed
separately.

Except for the studies presented in Refs. 13-16,
off-axis geometries are generally used in digital ho-
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lography. In this case, even if the zero order of dif-
fraction and the two conjugate images appear at
different locations in the reconstructed images, the
elimination of the undesired terms is interesting, be-
cause, as shown here, it results in an enhancement of
image quality. We know of two methods that were
proposed for this purpose in digital off-axis hologra-
phy by T. M. Kreis and Jiiptner'” and Y. Takaki et
al.1® In the former, the so-called dc term, which rep-
resents mainly the contribution of the reference wave
to the zero order, is eliminated by subtraction of the
average intensity of the hologram. This simple op-
eration keeps the twin image intact and performs
only a partial suppression of the zero order of diffrac-
tion if the object wave intensity is not uniform. In
Ref. 18 experimental procedures involving the acqui-
sition of at least two images are proposed to suppress
the zero order and/or the conjugate image.

In this paper we present a method based on spatial
filtering. As already suggested in classical hologra-
phy,® we demonstrate that the zero order of diffrac-
tion and the virtual image can be eliminated by an
appropriate selection of spatial frequencies in the
Fourier transform of an off-axis hologram. We show
that this operation enhances the contrast of the re-
constructed image and reduces the noise produced by
parasitic reflections. The method is entirely digital
and illustrates an interesting feature of digital holo-
graphy that allows for a direct application of digital
image processing methods to the acquired holograms
before the reconstruction. Basic digital image pro-
cessing methods can be applied, such as brightness
and contrast adjustments or offset subtraction. As
shown in Ref. 20, statistical treatments can also be
applied to a set of holograms.
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Fig. 1. Experimental setup: BE, beam expander; NF, neutral-
density filter; M, mirror; O, object wave; R, reference wave. Inset,
detail of the off-axis geometry.

2. Hologram Acquisition and Reconstruction

The geometry discussed here corresponds to the case
of Fresnel off-axis holography proposed in digital ho-
lography by Schnars and Jiiptner.2! In recent pub-
lications we presented a new reconstruction method
for phase-contrast imaging” and a configuration for
holographic microscopy.22 Only amplitude-contrast
imaging is discussed here; however, it is clear that
the undesired terms can be eliminated in the same
way in the phase-contrast images and that the
method presented here can be applied generally to
process digital off-axis holograms.

A detailed description of the digital holography
method is given in Refs. 7 and 22. A diagram of the
experimental setup is illustrated in Fig. 1. Linearly
polarized plane wave fronts are produced by a beam
expander BE including a pinhole for spatial filtering. A
15-mW He—Ne laser is used as the light source. A
CCD camera records the hologram that results from
the interference between the object wave O and the
reference wave R. Two neutral-density filters are
used to adjust the object and the reference intensities.
To obtain off-axis holograms, the orientation of the
mirror (M) that reflects the reference wave is set such
that the reference wave reaches the CCD with an in-
cidence angle 6 while the object wave propagates per-
pendicular to the hologram plane Oxy (see inset in Fig.
1). Particular attention must be paid to the adjust-
ment of 0, which must not exceed a maximum value
0,,.x for which the carrier frequency of the interfero-
gram is equal to the Nyquist frequency of the detector,

A
0=0,.= in| — 1
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where \ is the wavelength and Ax is the pixel size.
We obtain the reconstructed wave front W(m, n) in
the observation plane 0&n by computing the discrete

Fresnel integral of the digitized hologram intensity
IH (ka Z)7

W(m,n)=A exp{;\z (m2AE + nzAnz)}
X FFT[RD(k, DIk, 1)

X exp[m (R2Ax® + l%ﬁ)” G
N i

where %, [, m, n are integers; FFT is the fast-Fourier-
transform operator; d is the distance between the
hologram and the observation plane; and A =
exp(i2md/N)/(iNd) is a constant. Ax and Ay define
the sampling intervals in the hologram plane. The
sampling intervals in the observation plane (A§ and
An) are related to the size of the CCD (L) and to the
distance d by the following relation:

A& = Aq = N\d/L. (3)

The reconstructed wave front is an array of complex
numbers. An amplitude-contrast image and a
phase-contrast image can be obtained by calculation
of the intensity [Re(¥)? + Im(W)?] and the argument
{atan[Re(W)/Im(W¥)]} of W(m, n), respectively.

In Eq. (2) Ry(%, 1) is a computed replica of the
reference wave called the digital reference wave. As
explained in Ref. 7, this digital reference wave is
introduced for phase-contrast imaging but is not nec-
essary for amplitude-contrast imaging.

3. Spatial Filtering of Off-Axis Holograms

A. Introduction

In the hologram plane Oxy the interference between
the object wave O and the plane reference wave R
produces a distribution of intensity, which is gener-
ally written as an addition of four terms,

Iy(x,y) =1, + I ,(x,y) + R*O + RO%, 4)

where I, is the intensity of the reference wave and
I (x,y) is the intensity of the object wave. R*0 and
RO* represent the interference terms with R* and
O* denoting the complex conjugates of the two waves.

Lets assume that, as with classical holography, the
hologram reconstruction is achieved by illumination
with a plane wave U. The reconstructed wave front
in the hologram plane is then given by

W(x,y) =Ul, + Ul (x,y) + UR*O + URO*. (5)

The first term on the right-hand side of Eq. (5) is the
product of I, by the illumination wave U. Since R is
a plane wave, I, is uniform, and this term represents
a plane wave propagating along the direction of U.
The second term, sometimes called the ambiguity
term, is the product of U by the object intensity.
Since I, (x, y) is generally nonuniform, it produces a
wave that propagates along the direction of U within
a cone, the angular aperture of which depends on the
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spatial spectrum of the object wave. Together, the
first two terms on the right-hand side of Eq. (5) form
the zero order of diffraction.

The third and the fourth terms in Eq. (5) are pro-
duced by the interference terms, and each of them
generates an image of the specimen. UR*O produces
a virtual image located at the position initially occu-
pied by the object. If the reconstruction is performed
by illumination of the hologram with a replica of the
reference wave (U = R), the virtual image is produced
by a replica of the object wave multiplied by the refer-
ence intensity (/,0). The fourth term URO* pro-
duces a real image located on the other side of the
hologram. IfU = R*, the real image is produced by a
replica of the conjugate of the object wave multiplied
by the reference intensity (I,0*). In classical holo-
graphy the condition U = R or U = R* is required only
for so-called thick holograms for which the recording of
the interference in the thickness of the photographic
emulsion defines a Bragg condition for the illumina-
tion wave.23 In digital holography this condition is
required only for phase-contrast imaging.

With in-line geometries the hologram is recorded
with an object wave and a reference wave with parallel
directions, and the four components of the recon-
structed wave front W propagate along the same di-
rection and cannot be observed separately. The idea
with off-axis holography is that if O and R arrive in the
hologram plane with separated directions, the differ-
ent terms will vary at different spatial frequencies and,
as a consequence, will propagate along separated di-
rections during the reconstruction. For example, if
we assume a reference wave of the form R(x, y) = \/I;
exp{ik sin 0x}, the hologram intensity becomes

Iy(x,y) =1+ 1,(x,y)+ \/I; exp(—ik sin 0x)O
+ I exp(ik sin 6x)O*. 6)

The phase factor exp(—ik sin 6x) in the third term
indicates that the wave producing the virtual image
is deflected with an angle —6 with respect to the
direction of the illumination wave U. The same
phase factor appears in the fourth term but with the
opposite sign, meaning that the wave producing the
real image is deflected with an angle 6.

If we now consider the Fourier transform of the ho-
logram intensity, the influence of the two phase factors
exp(=*ik sin 0x) can be interpreted as a translation of
the spatial frequencies associated with the real and the
virtual images. If we assume that U is in normal
incidence, the spatial frequencies of the zero order of
diffraction are located in the center of the Fourier
plane, and the spatial frequencies of the interference
terms vary at different carrier frequencies, which are
located symmetrically with respect to the center of the
Fourier plane: —£ sin 6/2m for the virtual image and
k sin 0/27 for the real image. This suggests that the
different terms of the reconstructed wave front can be
spatially filtered. This task could be achieved opti-
cally during a conventional optical reconstruction with
two lenses in a 4f configuration with an appropriate

4072 APPLIED OPTICS / Vol. 39, No. 23 / 10 August 2000

mask inserted in the Fourier plane of the first lens.
We show in Subsection 3.B that in our case this pro-
cedure can be performed digitally by multiplication of
the computed Fourier transform of the hologram with
a numerically defined mask.

From the point of view of signal processing it is
interesting to realize that the off-axis geometry intro-
duces a spatial modulation of the interference terms.
By analogy with the lock-in detection, which uses a
temporal modulation, the method of spatial filtering
that is presented here can be considered to be equiva-
lent to the application of a bandpass filter, which re-
sults in an enhancement of the signal-to-noise ratio (or
signal-to-background) ratio. A method of in-line dig-
ital holography involving a temporal modulation of the
interference terms with the application of a bandpass
filter to the temporal signal acquired by each pixel of
the CCD was reported in Ref. 16.

B. Results and Discussion

Figure 2(a) presents a hologram recorded with the
experimental setup presented in Fig. 1 with a U.S.
Air Force resolution test target as object. The image
in Fig. 2(a) contains 512 X 512 pixels, and its area
(area of the sensitive chip of the CCD) is L? = 4.85
mm X 4.85 mm. Interference fringes that are char-
acteristic of the off-axis geometry are observable in
this image. The computed two-dimensional Fourier
spectrum of the hologram is shown in Fig. 2(b) where
we can see that the different terms of the interference
produce well-separated contributions. Spatial fre-
quencies corresponding to the zero order of diffraction
are located in the center of Fig. 2(b). Except for the
contribution of the reference intensity I,, which pro-
duces a Dirac delta function at the origin frequency,
the spectrum of zero order of diffraction represents
the spectrum of the object wave intensity I (x, y). The
spatial frequencies of the interference terms R*O
and RO* are located symmetrically with respect to
the center of the image. Their distances to the cen-
ter depend on the incidence angle 6, which must be
large enough to ensure a complete separation of the
zero-order spatial frequencies from those of the inter-
ference terms. The two letters P in Fig. 2(b) indicate
the contributions produced by parasitic reflections
occurring at interfaces in the experimental setup.
Although the effects of these parasitic reflections can-
not be detected in the hologram itself because of their
low intensity, their contributions are clearly observ-
able in the hologram spectrum, because they arrive
on the CCD with incidence angles that are distinct
from the incidence angle of the object wave.

Figure 2(c) presents the amplitude-contrast im-
age obtained by numerical reconstruction of the ho-
logram presented in Fig. 2(a). The image contains
a real image, a virtual image, and a zero order of
diffraction. This image was obtained for a recon-
struction distance d = 31.0 cm [see Eq. (2)]. To
obtain a focused real image, this distance must be
approximately equal to the optical path length sep-
arating the object and the CCD during the holo-
gram recording. The same hologram can also be
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Fig. 2. Elimination of the zero order of diffraction by spatial filtering.

(a) Original off-axis hologram, (b) two-dimensional Fourier

spectrum of the original hologram, (c) amplitude-contrast image obtained by numerical reconstruction of the original hologram, (d) filtered
hologram, (e) two-dimensional Fourier spectrum of the filtered hologram, (f) amplitude-contrast image obtained by numerical reconstruc-
tion of the filtered hologram. The filtered hologram in Fig. 2(d) is obtained by computation of the inverse Fourier transform of the filtered

spectrum presented in Fig. 2(e).

reconstructed with the virtual image in-focus when
we take a negative reconstruction distance (d =
—31 cm). Figures 2(c) and 2(f) do not present the
entire area of the reconstructed images but only a
region of interest that contains the zero order of
diffraction and the two conjugate images. The

complete reconstructed images are square and con-
tain 512 X 512 pixels. The size of objects appear-
ing in the reconstructed images can be determined
with Eq. (3), which gives the pixel size in the ob-
servation plane.

Figure 2(e) presents the filtered spectrum obtained
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by multiplication of the Fourier transform of the orig-
inal hologram with a mask that eliminates all spatial
frequencies except those of the interference terms.
The computation of the inverse Fourier transform of
the filtered spectrum results in a filtered hologram
presented in Fig. 2(d) where we can see that the
fringe visibility is enhanced in comparison with Fig.
2(a). In Fig. 2(f), which presents the corresponding
numerically reconstructed image, we can see that the
zero order of diffraction has been eliminated. As low
spatial frequencies of the hologram are filtered the dc
component of the interference is suppressed. As al-
ready mentioned in Ref. 17, this means that the in-
tensity of the filtered hologram contains negative
values. Of course, this feature could not be envis-
aged in classical optical holography.

The mask used for spatial filtering consists of two
transparent windows centered around the carrier fre-
quencies of the interference terms R*O and RO¥*.
To avoid suppression of the high-frequency compo-
nents of the interference terms, the area of these
transparent windows must be chosen as large as pos-
sible. Since the two-dimensional function describ-
ing the transmission of the mask is defined
numerically, a great flexibility is offered for its defi-
nition. A combination of transparent and opaque
windows of various shapes and sizes can be used to
filter the undesired spatial frequencies while keeping
intact the contributions of the interference terms.
Windows with smoothed transmission profiles such
as Gaussian, Hamming, or Tukey windows can be
used to avoid the occurence of high-frequency fluctu-
ations in the reconstructed images, which may arise
if parts of the spectrum of the real or of the virtual
image are truncated.

If we compare Figs. 2(c) and 2(f), we can see that
the major effect of the applied image processing
method is high-pass filtering, which results in the
elimination of the zero order of diffraction. As a
consequence, the contrast of the image is improved,
because the whole intensity range is distributed in
the area of the real image in Fig. 2(f), whereas a large
part of it is covered by the zero order of diffraction in
Fig. 2(c). A contrast enhancement of 20% was mea-
sured in this example. Another effect is the sup-
pression of the noise produced by the parasitic
reflections indicated by the two P’s in Fig. 2(b).

As shown in Fig. 3, the twin image can also be
eliminated with an asymmetrical mask composed of
only one transparent window centered around the
carrier frequency of one of the interference terms.
In Fig. 3(a) the real image has been selected, and the
filtered spectrum contains only the contribution of
RO*, shifted from the center by the carrier frequency.
This frequency shift can be eliminated by translation
of the selected spatial frequencies to the center of the
spectrum before the calculation of the inverse Fourier
transform. Since a large area of the spectrum pre-
sented in Fig. 3(a) is free of spectral information, it is
possible to reduce the image size, and as a conse-
quence the processing time, by means of extracting a
region of interest (typically 256 X 256 pixels) from the
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Fig. 3. Virtual image elimination. (a) Filtered two-dimensional
Fourier spectrum, (b) numerically reconstructed amplitude-
contrast image.

Fourier transform of the hologram. In this case the
method proposed here resembles the so-called
Fourier-transform method, which is sometimes used
for interferogram analysis.24:25

Since the hologram is a real function, its Fourier
transform is symmetric with its complex conjugate,
Hermitian symmetry [F(—v) = F*(v)], meaning that
the real part of the Fourier transform is an even
function {Re[F(—v)] = Re[F(v)]} and that the imagi-



nary part is an odd function {Im[F(—v)] = —Im[F(v)]}.
If the mask used for spatial filtering is also symmetric
(as presented in Fig. 2), these symmetries are pre-
served, and the inverse Fourier transform can be
represented by a real function (a hologram). In con-
trast, if the mask is not symmetric (as presented in
Fig. 3), these symmetries are lost, and the inverse
Fourier transform must be represented by a complex
function defined in amplitude and phase. Therefore
the twin-image elimination requires that the inverse
Fourier transform be computed with an algorithm
that returns a complex function. In this case the
inverse Fourier transform of the filtered hologram
spectrum does not provide a hologram in the strict
sense but gives the amplitude and the phase of the
selected interference terms (R*O or RO¥) in the ho-
logram plane. The same algorithm [Eq. (2)] can still
be applied for the reconstruction, but the digitized
hologram intensity I(%, /) must be replaced with the
obtained complex field. If the retained spatial fre-
quencies are not shifted to the center of the spectrum,
the complex field obtained after computation of the
inverse Fourier transform is multiplied by a phase
factor of the type exp[ —2mi(f,x + f,y)], where f, and
f, represent the two components of the carrier fre-
quency of the interference term.

4. Conclusion

A digital method has been developed for eliminating
the zero order of diffraction and the twin image in
off-axis digital holography. The method consists of
filtering the spatial frequencies associated with these
undesired terms in the computed Fourier transform
of the hologram. It has been established that the
application of the method results in an improvement
of the quality of the reconstructed images, in partic-
ular a contrast enhancement and a reduction of the
noise produced by parasitic reflections. An impor-
tant point is that, when spatial filtering is performed
with an asymmetrical mask for twin image elimina-
tion, the filtered hologram must be represented by a
complex function, because of the property of Hermi-
tian symmetry of the Fourier transform.
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for Scientific Research grant 20-49628.96. The au-
thors thank P. Dahlgren for her contribution.
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