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Optical scanning holography (OSH) is a distinct digital holographic technique in that real-time 
holographic recording a three-dimensional (3-D) object can be acquired by using two-dimensional 
active optical heterodyne scanning. Applications of the technique so far have included optical 
scanning cryptography, optical scanning microscopy, 3-D pattern recognition, 3-D holographic TV, 
and 3-D optical remote sensing. This paper reviews some of the recent progress in OSH. Some 
possible further works are also discussed. 
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I. INTRODUCTION

Digital holography, also known as electronic holography, 
is the technology of recording and processing holo-
graphic information electronically [1]. Recording of holo-
graphic information is conventionally done by using 
CCD devices, thereby bypassing the use of non-real-
time films for recording. Processing or reconstructing 
of holograms is subsequently performed by digital 
methods or optical methods such as the use of spatial 
light modulators for real-time applications. In this 
review, we discuss an unconventional digital holographic 
technique called optical scanning holography (OSH). 
OSH is unconventional because the recording of holo-
graphic information is acquired by 2-D active optical 
heterodyne scanning instead of the conventional electronic 
scanning by CCD devices. The idea of OSH was first 
implicated by Poon and Korpel when they investigated 
incoherent image processing with bipolar point spread 
functions (PSFs) in the late 1970s [2]. The implication 
was later formulated and known as scanning holo-
graphy [3], and eventually called optical scanning holo-
graphy to emphasize the novel fact that holographic 
recording can be achieved by active optical scanning 
[4]. Duncan and Poon provided the first experimental 
results of OSH by recording the hologram of a slit [4]. 
Since then, OSH has been investigated independently 

by various groups in the world. For example, Carter 
has investigated the use of OSH for optical remote 
sensing applications [5]. Swoger et al. have concluded 
that OSH is ideally capable of observing live biological 
specimens in both fluorescence and phase contrasts if 
a high NA system is implemented [6]. The Xie’s group 
from China has used OSH for the applications of 
imaging through turbid media [7]. Rosen et al. have 
investigated homodyne detection instead of heterodyne 
detection in OSH [8]. And most recently the Leith’s 
group has discussed the interchangeability between 
scanning holography and synthetic-aperture optics as 
encountered in synthetic-aperture radar (SAR) [9]. In 
the next section, OSH is briefly reviewed. We will then 
in Section III discuss some of the recent progress in 
OSH within the last five years. In section IV, we 
discuss some of the recent progress in OSH and suggest 
some topics for possible future investigations. Finally 
in the last section, we make some concluding remarks. 

II. GENERALIZED TWO-PUPIL IMAGE 
PROCESSING 

Optical scanning holography (OSH) has been already 
described in several review papers and books [10-13]. 
The main idea of OSH is to create a time-dependent 
Fresnel zone plate (TD-FZP) and scan it in a 2-D 
raster over the 3-D object. The TD-FZP can be 
realized using a two-pupil heterodyne image processing 
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FIG. 1. Generalized two-pupil image processing 
system: ⊗ = electronic multiplier, LPF= electronic low 
pass filter, BPF@Ω = electronic bandpass filter tuned at 
Ω. Reprinted from T.-C. Poon, Optical scanning holo-
graphy with MATLAB®, p. 135, Fig. 5.1, Springer (2007): 
With kind permission of Springer Science+Business Media.

FIG. 2. Absolute value of the complex hologram of 
several Oscillatoria strands. Reprinted from Guy Indebetouw 
and Wenwei Zhong, “Scanning holographic microscopy of 
three-dimensional fluorescent specimens,” J. Opt. Soc. 
Am. A 23, 1699-1707 (2006), with permission of the OSA. 

shown in Fig. 1 [12]. p1(x, y) and p2(x, y) are the two 
pupils illuminated by two plane waves at temporal 
frequencies ω0 and ω0+Ω, respectively. The two pupils 
are located in the front focal plane of Lens L1 with 
focal length f. Beamsplitter BS then combines the two 
beams exiting from the pupils. The combined beam is 
then projected onto the 3-D object through an x-y 
scanner for a raster scan, as shown in Fig. 1. The 3-D 
object is located in front of the Fourier transform lens 
L2 of focal length f. We model the 3-D object as a stack 
of transverse slices where each slice of the object is 
represented by an amplitude transmittance, T(x, y, z) 
which is thin and weakly scattering. Note that T(x, y, z) 
is located z0+z away from the back focal plane of lens 
L1. M(x, y) is a mask located at the back focal plane 
of lens L2. The photodetector, PD, collects all the light 
transmitted by the mask and delivers the processed 
and scanned current, i(t), as output of the photodetector. 
If T(x, y, z) is diffusely reflecting, a beamsplittler, for 
example, can be placed between Lens L1 and the 3-D 
object so that any reflected light can be captured upon 
reflection from the beamsplitter. The scanned current,  
i(t), contains the heterodyned current at Ω (due to the 
mixing between the two optical beams), which is to be 
electronically bandpassed by a bandpass filter centered 
at the heterodyne frequency, Ω. After bandpassing, the 
heterodyne current iΩ is inputted to a lock-in amplifier 
(which is equivalent to electronic multiplying and 
lowpass filtering as shown in Fig. 1) to give two final 
outputs ic(x, y) and is(x, y) of the overall system, which 
can be stored in a PC or displayed on a monitor. 

III. OPTICAL SCANNING HOLOGRAPHY 

In the image processing system described in Fig. 1, 
the input is T(x, y, z) and the outputs are ic(x, y) and  
is(x, y). The two pupils p1(x, y) and p2(x, y), and the 
mask M(x, y) can be used to modify the image proce-
ssing capabilities of the system. Indeed, Poon and 
Korpel recognized that by letting one of the pupil 
functions to become a delta function, i.e., being a point 
source, the system would carry implications to holo-
graphic recording, analogous to synthetic-aperture radar 
[2]. Such implication has been formulated and first 
known as scanning holography by Poon [3]. Sub-
sequently, the first experimental verification of holo-
graphic recording has been performed by Duncan and 
Poon [4]. They have used a point source pupil and a 
clear pupil, i.e., p1(x, y)=δ(x, y) and p2(x, y)=1, and 
with a wide open photodetector, i.e., M(x, y)=1, to 
achieve holographic recording of a slit and called the 
technique optical scanning holography to emphasize 
the fact that holographic recording is done by active 
optical scanning [4]. For a single 2-D scan, the two 
outputs ic(x, y) and is(x, y) give us two real on-axis 
holograms, the sine-hologram HSIN(x, y) and the cosine 
hologram HCOS(x, y), respectively. From the two real 
holograms, we could construct a complex hologram  
HCOMPLEX(x, y)=HCOS(x, y)± jHSIN(x, y)that is free from 
the twin image noise upon holographic reconstruction [14].

OSH can record holographic information coherently 
or incoherently [15, 16]. If M(x, y)=1 we operate OSH 
in an incoherent mode. Poon et al. has proposed the 
use of OSH for 3-D holographic microscopy and 
resolution of about 100 μm was observed at that time 
[17]. Most recently, resolution at sub-micron has been 
achieved by Indebetouw et al. [18]. Figure 2 shows an 
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(a) (b) (c)

FIG. 3. Reconstruction of the complex hologram shown in Fig 2: a) The SW-to-NE strand is in focus, b) the NW-to-S 
strand is in focus, and c) the the NW-to-SE strand is in focus. The axial planes are about 35 μm apart from each 
others. Reprinted from Guy Indebetouw and Wenwei Zhong, “Scanning holographic microscopy of three-dimensional 
fluorescent specimens,” J. Opt. Soc. Am. A 23, 1699-1707 (2006), with permission of the OSA. 

(a) (b)

FIG. 4. Reconstruction of a hologram recorded in coherent mode. The object is a siliceous three-pronged spongilla 
spicule. (a) absolute value of the reconstruction amplitude, and b) 3D phase profile of the object. Reprinted from Guy 
Indebetouw, Yoshitaka Tada, and John Leacock, Quantitative phase imaging with scanning holographic microscopy: 
an experimental assessment, BioMedical Engineering OnLine, 5:60 (2006), with permission.

absolute value of a complex hologram of several 
Oscillatoria strands. The hologram was obtained by 
illuminating the strands at 532 nm. Figure 3 shows the 
reconstruction of the holograms at three different depths. 
The hologram was reconstructed using digital Fresnel–
Kirchhoff propagation, i.e., convolving the complex holo-
gram with a free-space impulse response [19]. The ability 
of OSH capable of recording in an incoherent mode is 
one of the most important attributes of OSH. The 
reason is that more than 90% of biomedical specimens are 
fluorescent and with OSH we can capture holograms 
of fluorescent samples. Poon et al. has issued a patent 
on three-dimensional holographic fluorescence microscopy 
[20] and the captures of fluorescent specimens holographi-
cally, for the first time, have been reported by Schilling 

et al. with resolution about 15 μm[21]. Most recently, 
holograms of Oscillatoria strands illuminated at 532 
nm and fluoresced at 600 nm have been demonstrated 
with resolution better than 1 μm [18]. If the mask is 
a pin hole, i.e., M(x, y)=δ(x,y), optical scanning holo-
graphy is in a coherent mode. Figure 4 shows the 
reconstruction of a hologram obtained for a three-
pronged Spongila Spicule, which is an essentially colorless 
organic calcite.

IV. RECENT PROGRESS

In the last Section, we have discussed some of the 
basic principles and applications of OSH in holographic 
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TABLE 1. Some examples of PSF-Engineering through the design of pupil functions

Case Pupils Properties
Simulation/
experiment

Reference

I
p1(x, y)=δ(x, y)
p2(x, y)=1

Standard holographic recording yes/yes [3]

II

p1(x, y)=1
p2(x, y)=exp[-jβ(x2+y)],
β chosen to have spherical waves of 
opposite curvatures illuminating the 
object from the 2 pupils. 

Enhanced resolution and DOF yes/yes [22]

III

p1(x, y)=δ(x, y)
p2(x, y)=U(x)U(y),

U( ) : unit step function•
Pre-processing: Hilbert transform yes/NA [23]

Pupil plane           Focal plane   Object Pupil plane              Focal plane  Object

(a) (b)

FIG. 5. a) OSH with time-dependent FZP as a scanning beam. b) OSH with scanning spherical waves of opposite 
curvatures. Reprinted from T.-C. Poon, Optical scanning holography with MATLAB®, p. 144, Fig. 5.3, Springer (2007), 
with kind permission of Springer Science+Business Media.

recording. In this Section, we will discuss some of the 
recent progress of OSH within the last five years.

1. PSF Engineering
When we employ a point source pupil and a clear 

pupil, i.e., p1(x, y)=δ(x, y) and p2(x, y)=1, we have 
the standard holographic recording in OSH. In general, 
spatial light modulators can be used to generate 
arbitrary complex pupil distributions and therefore can 
synthesize arbitrary scanning patterns other than a time-
dependent FZP, thus offering a wide range of possibili-
ties for modifying the imaging property of the system 
to meet any desired needs. In short, by manipulating 
the functional form of the pupils, we can modify the 
point spread function (PSF) of the system as we see fit. 
This is commonly known as PSF-engineering [12]. Table 
1 lists some of the designs of the pupils and their 
resulting properties of the system. 

In Case I, we have the standard OSH for holographic 
recording when the pupils are a point source and a 
plane wave as shown in Fig. 5a). The combined 
illuminating beam is a time-dependent (TD) FZP on 
the object. If a is the radius of the TD-FZP on the 
object, the numerical aperture of the scanning TD-FZP 
is NA=a/z0. Therefore, the transverse resolution of the 

reconstruction is Δx≈λ/NA and the depth of focus is  
Δz≈2λ/NA

2
, which are typical for standard 3-D 

imaging system [12]. However, as shown in Case II, the 
pupils are a plane wave and a spherical wave as shown 
in Fig. 5b). The curvature of the spherical wave of the 
pupil is chosen such that z0=z1 and we have spherical 
waves of opposite curvatures illuminating the object. 
This simple selection of the pupils leads to twice the 
resolution of the imaging system and extended depth of 
focus (DOF) as compared to the standard OSH in case 
I, i.e., Δx≈2λ/NA and Δz≈ 2λ/NA2, respectively 
[22]. F=a

2
/λz0 is the Fresnel number (the number of 

Fresnel zones within the TD-FZP) of the TD-FZP. 
Figure 6a) shows the reconstruction using the standard 
OSH’s pupils as in case I, and Fig. 6b) shows the 
reconstruction using the pupils in case II where ≈
5, that is with the depth of focus being 5 times longer 
than that in the standard OSH. Extending the depth 
of focus is one way of combating the out-of-
focus haze. In one of the following sections, we will 
discuss another way of combating the out-of-focus haze 
by performing digital sectioning. In Case III shown in 
Table 1, we have the two pupils taking the form of a 
delta function and the product of two unit step 
functions given by U(x)U(y)[23]. As it turns out, the 
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(a) (b)

FIG. 6. a) Reconstruction of the hologram of Micor zygotes obtained with the pupils shown in Fig. 5a). This 
reconstruction was “focused” on the large zygote. The three smaller ones to the right are out of focus, and the small 
one to the left is actually below the large one and severely out of focus. The theoretical transverse resolution is about 
2 μm, and the DOF is 16 μm . b) Reconstruction of the hologram of Micor zygotes obtained with the pupils (interference 
of one plane wave and one spherical waves) shown in Fig. 5b). The theoretical resolution limit is about 1 μm . The 
DOF is extended to 80 μm as ≈5 , showing all the zygotes in focus. Reprinted from Guy Indebetouw, Alouahab 
El Maghnouji, and Richard Foster, “Scanning holographic microscopy with transverse resolution exceeding the Rayleigh 
limit and extended depth of focus,” J. Opt. Soc. Am. A 22, 892-898 (2005), with permission of the OSA. 

(a) (b)

(c) (d)

FIG. 7. a) Hologram derived from iC(x, y) when the pupil functions are designed according to Case III from Table 
1. b). Same as 7a) but hologram derived from is(x, y). c) Real part of the reconstruction of the complex hologram 
HCOMPLEX(x, y)=iC(x, y)+jiS(x, y). The original slit object is recovered. d) same as c) but the imaginary part of the 
reconstruction is displayed. Note that the Hilbert transform of the original slit is computed. Reprinted from T.-C. Poon 
and K. B. Doh, “On the Theory of Optical Hilbert transform for incoherent objects,” Opt. Express 15, 3006-3011 (2007), 
with permission of the OSA. 



Optical Scanning Holography – A Review of Recent Progress - Ting-Chung Poon 411

height: 4cm
width: 3cm
depth: 2cm

Reflective object Sine hologram

5cm

5cm

Cosine hologram

FIG. 8. Left figure: original object, middle and right figures: Holograms of the left figure. The optical scanning 
holographic system is about 1 meter away from the original 3-D object. The 3-D object is about 4cm×3cm×2cm. Courtesy 
of Dong-Joo Park and Professor Taegeun Kim, “Three-dimensional display of a realistic object,” MS thesis, Sejong Univ., 
South Korea (2004).

two recorded outputs ic(x, y) and is(x, y) become holo-
grams and each hologram contains the holographic recording 
of the object as well as the holographic recording of the 
Hilbert transform of the object. For a slit object, the 
two holograms are shown in Fig. 7a) and 7b), respec-
tively. As usual, we can construct a complex hologram  
HCOMPLEX(x, y)=ic(x, y)+jis(x, y) from the two real 
holograms. In Fig. 7c) and d), we show the real and 
imaginary parts of the reconstruction of the complex 
hologram, which recover the original slit object and its 
Hilbert transform, respectively. Figure 7b) clearly demon-
strates the capability of pre-processing. Indeed, real-time 
pre-processing in digital holography was first investi-
gated by Schilling and Poon [24], where a point source 
pupil and a Gaussian annular pupil have been used to 
achieve holographic recording of edge-only information. 
We can appreciate the flexibility of OSH by simply 
modifying the pupils to achieve different image processing 
operations. One of the interesting problems worth 
looking into is 3-D partial coherent imaging. This can 
be simply performed by using a mask of finite size 
instead of a pin-hole mask for coherent imaging and a 
wide open mask for incoherent case. I expect some 
interesting results from this virtually unexplored area. 
In addition, any pupil combinations, i.e., by engineering 
PSFs, leading to either enhanced DOF or optical 
sectioning would be of great interest for biomedical 
applications. Indeed pupils functions in the form of a 
positive and negative axicons have been reported to 
have optical sectioning property but experimental verifi-
cations remain to be conducted [22]. 

2. Remote sensing and large-scale holographic imaging
In general, it is problematic for conventional digital 

holography to capture remotely located objects or objects 
that are of large size [25]. This is due to the finite size 
of the pixel in CCD devices. However, optical scanning 
holography potentially can achieve holographic information 

of large-scale objects [4]. The first work of this was in 
the discussion of a paper by Kim and Poon [26]. Sub-
sequently, the first optical holographic remote sensing 
experiments have been performed by Schilling and 
Templeton [27], where an optical holographic scanning 
system is set about 70 cm away from a group of diffusely 
reflecting objects within a volume of 15cm×15cm×30cm. 
Most recently, the Kim’s group at Sejong University, 
South Korea has demonstrated optical holographic remote 
sensing with natural objects [28]. Figure 8 shows the 
original 3-D object located about 1 meter from the 
optical scanning holographic system. In the figure, the 
sine and cosine holograms are also shown. Figure 9 
shows the reconstruction of the focused and the defocused 
complex hologram of the natural object. 

To end this section, I want to point out a couple of 
experiments that are worth performing. The first one 
is a truly optical holographic remote sensing experiment 
using OSH. By installing the optical part of the OSH 
setup without the x-y scanner in an airplane, we can 
use the flying airplane to perform 2-D raster scanning 
as in SAR. So what is directing towards the remote 
target such as buildings in a city is a time-dependent 
FZP. The scattered light would then be returned to the 
airplane for electron processing. Another experiment is 
in the area of 3D holographic TV system [29], which 
has been proposed by Poon but never experimented on. 
The system is shown in Fig. 10. The upper part of the 
interferometer (beasmsplitters BS1 and BS2, mirror 
M2 and M3) provides a spherical wave onto the 3-D 
object, with temporal frequency being upshifted by Ω  
through an acousto-optics frequency shifter (AOFS)[12].  
BE1 and L are a beam expander and a focusing lens, 
respectively. In the lower part of the interferometer, 
the output of beam expander BE2 provides a plane 
wave onto the 3-D object. Hence in essence we have 
a time-dependent FZP projected through an x-y 
scanner onto the 3-D object due to the superposition 
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Defocused image Focused image

FIG. 9. Reconstructions of the complex hologram made up from the two on-axis sine- and cosine- holograms from 
Fig. 8. Left: defocused image, right: focused image. Courtesy of Dong-Joo Park and Professor Taegeun Kim, 
“Three-dimensional display of a realistic object,” MS thesis, Sejong Univ., South Korea (2004).

FIG. 10. 3-D Holographic TV System.

of the plane wave and the spherical wave though 
beamsplitter BS2. The scattered light form the 3-D 
object can now be detected by a photo-multiplier 
(PMT). The heterodyne current at Ω from the PMT, 
carrying the holographic information of the scanned 
object, can be transmitted through an antenna. Acousto-
optic frequency shifters can provide frequency shift in 
the MHz as well as the GHz range, which can be easily 
matched with some antenna for ease of transmission. 
The radiated signal from the antenna can be picked by 
another antenna in a remote location to deliver a 
heterodyne current iΩ to be processed to generate 
holograms ic(x, y) and is(x, y). One of the interesting 
challenges for the system is to demonstrate wireless 
transmission of holographic information. 

3. Sectioning and blind sectional image reconstruction
Recently attempts have been made to combine the 

holographic advantage, which is to capture the entire 
3-D information in a single acquisition step, and the 
sectioning advantage, which is the elimination of the 
out-of-focus haze. Kim has proposed to reconstruct 
sectional images by means of a Wiener filter [30]. Wigner 
distribution function (WDF) has also been used in the 
reconstruction of sectional images proposed by H. Kim 
et al [31]. The method takes advantage of the relation-
ship between fractional Fourier transform and WDF to 
distinguish the information of sectional images. Most 
recently Zhang et al. has developed an inverse imaging 
technique for sectioning [32] and the proposed algorithm 
has recently been applied to actual holographic data 
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(a) (b)

FIG. 11. Sections reconstructed by the conventional method, where Fresnel–Kirchhoff propagation has been used. 
(a) Reconstructed section at 85 μm away from the point source of the scanning beam. (b) Same as a) but reconstructed 
section at 120 μm.

(a) (b)

FIG. 12. Sections reconstructed by inverse imaging. (a) Reconstructed section at 85 μm away from the point source 
of the scanning beam. (b) Same as a) but reconstructed section at 120 μm.

[33]. Figure 11 shows the holographic reconstruction of 
2 μm-sized fluorescent beads (Duke R0200, excitation 
around 542 nm, and emission around 612 nm) using 
conventional Fresnel–Kirchhoff propagation. The beads 
tend to stick either to the top surface of the mounting 
slide or to the bottom surface of the cover slip, giving 
us a simple three-dimensional test sample with two 
dominant sections separated by about 35 μm. Figure 
12 shows the reconstructed sections by inverse imaging, 
which illustrates focused sectional images with significant 
suppression of the defocus noise as compared to the 
reconstructions shown in Fig. 11 correspondingly. The 
existing inverse imaging technique, however, requires a 
priori knowledge of the free-space impulse response at 
the correct depth to reconstruct the desired sectional 
image. Since we do not have prior knowledge of the 

depth location of the object, we need to perform digital 
reconstruction blindly to various distances until we 
find the sectional images, which is a time-consuming 
process. Zhang et al. recently have proposed a blind 
sectional image reconstruction algorithm that estimates 
the depth parameter and have performed the corres-
ponding reconstruction to obtain sectional images with 
the rejection of defocus noise [34]. They have used the 
edge information on the reconstructed planes to estimate 
the correct depth parameters. Most recently Kim and 
Poon have proposed a technique called “auto-focusing” 
in that the idea is to locate a distance parameter within 
the depth range of the 3-D object. They have used 
Gaussian lowpass filtering, synthesized a “real-only 
spectrum hologram” in which its phase term contains 
information about a distance parameter, and finally, 
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they extracted the distance parameter from the real-only 
spectrum hologram using fringe-adjusted filtering and 
the Wigner distribution [35]. While the technique is 
without the use of any searching algorithm, it is 
however only can be applied to OSH under the incoherent 
mode of operation.   

V. CONCLUDING REMARKS

We have briefly reviewed optical scanning holo-
graphy (OSH), which is an unconventional technique 
in digital holography in that holographic recording is 
achieved by actively scanning the 3-D object with a 
time-dependent FZP to give two on-axis holograms: 
the sine-hologram and the cosine-hologram. This techni-
que of recording holographic information is advantage-
ous as two on-axis holograms are acquired simultaneously, 
unlike standard phase-shifting holography where there 
holograms are acquired sequentially [36]. From the two 
on-axis holograms, we can construct a complex hologram 
which does not create a twin image upon reconstruction. 
We also have discussed the recent progress of OSH. 
They are in the areas of PSF-engineering, remote sensing 
and large-scale holographic imaging, and sectioning 
and blind sectional image reconstruction. Under the 
discussion of each of the above area, we have also pointed 
out some of the future topics that can be investigated, 
such as 3-D partial coherent imaging, optical holo-
graphic remote sensing, wireless transmission of holo-
graphic information, etc. For a complete tutorial discussion 
of optical scanning holography and its current appli-
cations, readers are referred to Reference 12. 
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