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We present a technique for synthesizing the Fourier hologram of a three-dimensional scene from its light field.
The light field captures the volumetric information of an object, and an important advantage is that it does not
require coherent illumination, as in conventional holography. In this work, we show how to obtain a high-
resolution digital hologram with the light field obtained from a series of photographic images captured along
the optical axis. The method is verified both by simulations and experimentally captured light field. © 2016

Optical Society of America

OCIS codes: (090.1995) Digital holography; (110.1758) Computational imaging; (110.6880) Three-dimensional image acquisition.
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1. INTRODUCTION

Holography is one of the most useful techniques for three--
dimensional (3D) display [1,2] since it is able to provide full
parallax 3D images. However, the requirement of coherent illu-
mination makes it a complicated process in hologram recording.
Furthermore, the limited size of the existing coherent light source
restricts our choice of what object we can capture. In order to
simplify the hologram recording, techniques that use incoherent
illumination have been reported [3,4]. The multiple view pro-
jection (MVP) image-based method is especially significant be-
cause the capture process is under regular daylight [4]. A digital
camera is used to capture theMVP images, and digital processing
synthesizes the holograms from the captured intensity images.

Generally, a single camera located at different view points
[5,6], or a single capture with a camera array, or single capture
through a microlens array [7], can be used to capture the images.
In the MVP image-based hologram generation techniques, the
number and angle interval of the view images define the sam-
pling of the 3D scene, which consequently affect the resolution
of the holograms. This is because one MVP image generally
corresponds to one single pixel in the two-dimensional (2D)
hologram [4]. Therefore, beyond the resolution of the images,
the spatial angular sampling of the lens array also limits the
resolution of the holograms. However, lateral shifting of the cam-
era to capture several MVP images makes the whole acquisition
process slow, while a camera array is often expensive and bulky.
Therefore, the lens array-based image capturing is more com-
monly used.

The lens array induces mutual constraint between the view
image resolution and the angular sampling resolution. There
are many techniques for improving the resolution of the syn-
thesized hologram by enhancing the angular sampling of the
lens array. For example, physical [8–10] or digital [11,12] in-
terpolation, or density fabricated lens array [13] were applied to
achieve better angular sampling of the 3D object. Nevertheless,
the resolution of the hologram is still an issue in the MVP-
based hologram synthesis techniques.

We know that a single view image of a 3D scene corresponds
to the projection of a collection of light rays coming from it,
called a light field [14], while the light rays have some particular
directions. Unlike conventional photography, which records only
the intensity distribution of the light rays, a light field camera
[15] records both the intensity and direction of the light rays
[15,16], enabling view reconstruction of the 3D properties of a
scene [17,18]. In Fig. 1, we describe a five-dimensional (5D)
light field function [16]. The principal plane of the light field
is perpendicular to the optical axis. Many light rays with different
directions go through each position on the principal plane, and
every ray can be fully described by a 5D function L�x; y; tan θx ;
tan θy; z�, where �x; y� is the lateral position of the light field at
the principal plane located at depth z, �θx ; θy� are the angles
between the light ray and the normal of the principal plane.

Usually, a four-dimensional (4D) function without the z
coordinate is enough to represent a light field [19]. This is
because the light field can easily propagate with distances.
Generally, the light field is subsequently captured by a microlens
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array [15–18]. However, this method has a serious angular sam-
pling limitation. Recently, it has been reported that the light field
can also be obtained with a conventional digital camera with a
proper setup [20,21]. These techniques can capture a higher-
resolution light field. Examples are the light field moment im-
aging (LFMI) [20] and the light field reconstruction with back
projection (LFBP) approach [21]. In these cases, the light field is
calculated from several photographic images with different focus
depths, hence they can reach a higher angular and image reso-
lution compared to that of the camera sensor. Note that the an-
gular sampling of the light field calculated from the photographic
images depends on the numerical aperture (NA) and the sensor
pixel pitch of the camera, rather than the number of images cap-
tured along the optical axis.

In this paper, we propose a method for synthesizing a high-
resolution Fourier hologram directly from such a dense angu-
larly sampled light field of a 3D scene. Since the hologram is
calculated directly from a light field, it is independent of the
capturing device. The light field we used to synthesize the holo-
gram is obtained with the LFBP technique, but other ways of
capturing the light field are also possible. Due to the simple
capturing process and the higher resolution of the light field
compared to a direct capture, the synthesized hologram typi-
cally has a higher resolution. Since the requirement is only a few
photographic images captured along the optical axis, compared
to the MVP-based techniques, it also saves much computational
memory and calculation time during the hologram synthesis,
making a real-time holographic system likely to be realized. In
Section 2 we describe the theory of the proposed method, and
Sections 3 and 4 verify the theory with simulation and experi-
ment, respectively.

2. THEORY

The principle of the proposed Fourier hologram synthesis
method is illustrated in Fig. 2. Suppose we have a virtual thin
lens with focal length f . The principal plane of the light field is
at its back focal plane. We would like to calculate the Fourier
hologramH �u; v� at the front focal plane of the virtual lens. For
a 3D object O�x; y; z�, this is equal to [22]

H �u; v� �
Z Z Z

∞

−∞
O�x; y; z� exp

h
−j

zπ
λf 2 �u2 � v2�

i

× exp
�
j
2π

λf
�xu� yv�

�
dxdydz; (1)

where λ is the wavelength of the illumination light source, and
j � ffiffiffiffiffi

−1
p

. Our objective is to calculate this from the light field
of the 3D object.

In accordance with geometrical optics, all the light rays trav-
eling in the same direction through the lens focus at a single
position on the back focal plane. Examples are shown as red and
green dashed lines in Fig. 2. From the viewpoint of wave optics,
they are plane waves traveling through the lens and focus at
particular positions on the focal plane on the other side [23].
The red and green solid lines represent the corresponding wave-
fronts, respectively. Since all the rays with the same direction
form a parallel projection image of the object, we suppose a
virtual plane wave with a wavelength λ is used to illuminate the
parallel projection image with the same direction. A complex
value with a particular location at the back focal plane thus can
be obtained. The whole Fourier hologram can then be obtained
by calculating all the complex points corresponding to each
group of rays with the same direction.

With this process, the hologram can be written as the inte-
gration of the light field multiplied by a plane wave phase factor,
which should be related to the illumination wavelength and the
lens focal length. Note in particular that �ξ; η� is the angular ray
sampling coordinates in the object space. Because of the lens
transformation, there exists a magnification of sampling interval
between this and the hologram space �u; v�. Suppose the mag-
nification factor is M , then we have u � Mξ, and v � Mη.
Suppose the Fourier hologram H �ξ; η� is related to the light
field as

H �ξ; η� �
Z Z

∞

−∞
L�xl ; yl ; ξ; η; zl �

× exp�−j2πB�xlξ� ylη��dxldyl ; (2)

where �xl ; yl ; zl � is used to distinguish the light field coordinates
from the object coordinates, ξ � tan θx and η � tan θy are used
for simplicity, and B is a value defined by λ and f as ex-
plained below.

To derive B, we consider a 3D object with its center located
at the origin of the Cartesian coordinates. Its surface function
O�x; y; z� can be represented as a stack of slices:

O�x;y;z�≈
XN
n�1

O�x;y;zn��
XN
n�1

O�x;y;z�δ�x;y;zn − z�; (3)

whereO�x; y; zn� is the object slice located at a depth of z � zn,
N is the number of slices, and δ�x; y; z� is the Dirac delta
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Fig. 1. Light field definition.

f f

Virtual lensLight field plane

x

Object

u

y v

z

Fourier hologram

z=0

Fig. 2. Fourier hologram synthesis from the light field.
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function. Since the energy traveling along a ray is constant, the
light field is the integral of the object projections, as Fig. 3
shows. The light field with the principal plane located in the
middle can be represented as [24]

L�xl ; yl ;ξ;η; zl ��O�xl − �zl − zn�ξ; yl − �zl − zn�η; zl − zn�

�
XN
n�1

O�x;y;z�δ�xl � znξ− x;yl � znη− y;zn�:

(4)

Because the hologram of a 3D object is the integration of the
contributions from every point, we first derive the Fourier holo-
gram of a single location, O�xo; yo; zo�, whose light field is

L�xl ; yl ; ξ; η; zl � � O�xo; yo; zo�
× δ�xl � zoξ − xo; yl � zoη − yo�: (5)

Substituting Eq. (5) into Eq. (2), the Fourier hologram of a
single point object can be obtained as

Hp�ξ; η� � O�xo; yo; zo� exp�−j2πBz�ξ2 � η2��
× exp�j2πB�xoξ� yoη��: (6)

Thus, the hologram of the entire 3D object becomes

H �ξ; η� �
Z Z Z

∞

−∞
O�x; y; z� exp�−j2πBz�ξ2 � η2��

× exp�j2πB�xξ� yη��dxdydz: (7)

Substituting �u; v� in to Eq. (7), the Fourier hologram of the
3D object thus can be written as

H �u; v� � H �ξ; η�jξ�u∕M;η�v∕M

�
Z Z Z

∞

−∞
O�x; y; z� exp

�
−j
2πBz
M 2 �u2 � v2�

�

× exp
h
j
2πB
M

�xu� yv�
i
dxdydz: (8)

Comparing Eq. (1) and Eq. (8), we see that they are equiv-
alent if we let

M � 2f and B � 2

λ
: (9)

According to Eq. (9), there is no relationship between the
choice ofM and B. This gives a lot of freedom to choose them.
The factor M decides the sampling interval of the hologram,
which relates to the angular sampling of the light field. Finer
sampling allows for the reconstruction of a 3D object with a
higher resolution. With the LFMI and the LFBP, the sampling

of the light field can be significantly improved. The factor B is
related to the virtual illumination wavelength, which affects the
magnification of the reconstructed object. In our method, the
calculation of the hologram is independent of the parameters of
the light field. This is significantly different from Park et al.
[25], in which the hologram calculation is restricted to the
parameters of the microlens array.

At this stage, we have obtained a Fourier hologram of a 3D
object from its light field, such that the object can be digitally
reconstructed with the same parameters used in computing the
hologram. However, for optical hologram reconstruction, the
optical components usually have limited specifications, such as
the pixel pitch of the spatial light modulator (SLM) for display-
ing the hologram, the focal length f 0 of the thin lens perform-
ing the Fourier transform to the hologram, and the wavelength
λ 0 of the illumination light source. Suppose f 0 � M 1f and
λ 0 � M 2λ, and that the pixel pitch of the SLM and the holo-
gram have the same size. With different parameters in the
hologram recording and reconstruction, the resultant object
O 0�x 0; y 0; z 0� cannot be exactly the same as the original one, but
is magnified both laterally and longitudinally with different fac-
tors. Mathematically, it can be expressed as

O�x 0;y 0;z 0��
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∞

−∞
H �u;v�exp
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∞
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πz 0
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M 2
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�
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�
−j
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1

M 1M 2

�x 0u�y 0v�
�
dudv: (10)

When M 2
1M 2 � 1, the object can be reconstructed at the

same location as the original one. Otherwise, there will be a
lateral magnification factor of M 1M 2 � 1∕M 1, and M and
B become

M � p
ξ

and B � M 2

2λ 0f 02 ; (11)

where p is the pixel pitch of the SLM. Therefore, with the given
parameters of p; λ 0; f 0 in the optical hologram reconstruction,
the final Fourier hologram computation from the light field can
be obtained by substituting Eq. (9) into Eq. (2). We can also
have other forms of B if we accept a different object location
in the optical reconstruction. This property can be used to
manipulate the size or position of the reconstructed objects.

3. SIMULATION RESULTS

In the simulation, the 3D object consists of two plane images
located at z � −20 mm and z � 20 mm, as Fig. 4(a) shows.
The light field is calculated with the LFBP technique from five
photographic images. This is satisfied because we use the sim-
plest back-projection algorithm to calculate the light field,
which requires at least four images for calculation [21]. The
number of the photographic images does not affect the lateral
resolution of the light field. Figure 4(b) shows the middle hori-
zontal distribution of the light field, i.e., L�x; tan θx� where
y � 0 and θy � 0°. The pixel pitch of the virtual camera sensor
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Fig. 3. Relation between 3D object and its light field.
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is 0.5 mm. The NA of the virtual camera is 0.5, which corre-
sponds to a view scope of −30° ∼ 30° in both the horizontal and
vertical directions.

The object light field is sampled with 200 × 200 direction
angles, hence the interval between two angles is 30° × 2∕200 �
0.3°. The light field is then used to synthesize the hologram
with a virtual Fourier lens having a focal length of 100 mm,
and the wavelength of the illumination is 200 nm. Since the
light rays with one same direction corresponds to one point in
the hologram, the latter has a size of 200 × 200 pixels without
any interpolation. Three holograms corresponding to the red,
green, and blue channels were calculated, respectively, and then
combined together. Figure 5(b) shows the profile of its magni-
tude and phase.

We can have a finer sampling of the angular direction of the
light field with the LFMI or LFBP techniques [20,21], obtaining
a higher-resolution hologram as a result. In Park et al. [25], due
to the limitation of the current manufacturing technology for the
lens array and camera sensors, in general the pixel number of the
hologram is less than 100 × 100, even with digital interpolation.

The object can be digitally reconstructed by performing
Fourier transform to the hologram. As mentioned previously,
we calculated holograms for each channel. In the reconstruction,
the images from each hologram were combined together to form
the color reconstruction. Figure 6 shows the reconstructed
images focused at different depths. The two planar images
with the characters “I” and “U” are focused at z � −20 mm
and z � 20 mm, respectively. The defocus noise in the recon-
structed images has two parts. One is inherited from the noise in
the calculated light field, as the blur in Fig. 4(b) shows. This can

be eliminated by a more sophisticated algorithm, for example,
involving frequency filter in the light field reconstruction algo-
rithm. The other one is from the defocus of all the other planes,
which happens in all of the digital hologram reconstructions, and
can be suppressed with more powerful sectional reconstruction
techniques [26–28].

4. EXPERIMENTS WITH CAPTURED LIGHT
FIELD

An actual light field of a real 3D scene, as shown in Fig. 7(a), is
used to generate a Fourier hologram. In the setup, a flower and
a card with the words “OFC” are located at z � −50 mm and
z � 50 mm, respectively. Five photographic images along the
optical axis are captured at different depths, with an interval of
25 mm and dimensions 720 × 480. The NA of the camera is
approximately 0.4, corresponding to a view angle −25° ∼ 25°.
The light field is calculated from the five images with the LFBP
technique [21]. Figures 7(b) and 7(c) show the 2D light
field slice of L�x; θx� where y � 0.55ymax and θy � 0°, and
L�y; tan θy� where x � −0.4xmax and θx � 0°.

In computing the hologram, the angular sampling of the
light field with 200 × 200, 300 × 300, and 500 × 500 light rays
are used, with the corresponding angular sampling intervals of
the light rays equal to 0.25°, 0.17°, and 0.1°, respectively. The
optical setup includes a light source with 532 nm wavelength, a

(a)

x
tanθx

(b)

Fig. 4. Object used in the simulation: (a) 3D object location and
(b) 2D slice of light field L�x; θx� of the 3D object where y � 0 and
θy � 0°.

Fig. 5. (a) Magnitude and (b) phase profile of the Fourier hologram.

Fig. 6. Reconstructed objects focused at different depth planes.

(a)

(b)

(c)

Fig. 7. Object used in the simulation: (a) the 3D scene, and the 2D
light field slice (b) L�x; tan θx� where y � 0.55ymax and θy � 0°, and
(c) L�y; tan θy� where x � 0.4xmax and θx � 0°.
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thin lens with a focal length of 200 mm, and a SLM with a pixel
pitch of 8 μm. From Eq. (11), the parameter B is approximately
78 m, 177 m, and 494 m, respectively. Same as in the simula-
tion, three holograms of different color channels were calculated,
respectively, and combined. The magnitude and phase profiles of
the holograms are shown in Fig. 8, and the reconstructed images
focused at different depths are shown in Fig. 9.

In Fig. 8, we can see that finer details can be observed from
the phase profiles having larger pixel numbers. This is different
from other methods that obtain a hologram with more
pixels by interpolation. Instead, having more pixels in the holo-
gram corresponds to a finer angular sampling of the object.
Figures 9(a)–9(c) show the reconstructed images from the holo-
grams with 200 × 200, 300 × 300, and 500 × 500 pixels, and
(d) shows the magnified areas at −50 mm. In (a)–(c), it is ob-
served that the two reconstructed objects are focused at

z��50 mm, which are the actual object positions. From (d),
we can see that the white pattern at the center of the flowers
becomes more and more clear as the pixel number of the holo-
grams increases. However, the angular sampling of the light
field is limited by the sensor and the NA of the camera.
Fortunately, we can expect a hologram reconstruction that
reaches the resolution level of the camera sensor. This is impos-
sible for the conventional MVP-based hologram synthesis
techniques.

5. CONCLUSION

In this paper, we developed a technique for synthesizing a
Fourier hologram from the light field of a 3D scene. Thanks to
the LFBP technique, which reconstructs a light field from a series
of images focused at different depth planes, significantly denser
angular sampling can be obtained. This produces a higher-
resolution Fourier hologram, and consequently allows us to re-
construct a higher-resolution 3D object.
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