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This paper provides a tutorial on the principles of holography, 
followed by a review of a newly developed 3-0 imaging technique 
in which 3-0 optical information of an object can be extracted by 
a 2 -0  optical scan of the object. The technique is called optical 
scanning holography (OSH). In the context of optical scanning 
holography, we discuss some of its potential applications such as 
holographic information transmission and television (TV) system, 
3-0 image coding and decoding, 3-0 microscopy, and 3 - 0  optical 
remote sensing. In most cases, feasibility has been proven but 
awaits broader application. 

I. INTRODUCTION 

A. Holography: A Tutorial 

Holography is like 3-D photography to most people. 
However, the use of holography to store 3-D optical infor- 
mation is probably one of the most important aspects from 
the scientific point of view. Holography has been an impor- 
tant tool for scientific and engineering studies, and it has 
found a wide range of applications [1]-[4]. An increasing 
number of biologists, chemists, crystallographers, electrical 
engineers, mechanical engineers, physicists, and others use 
holography. The purpose of this article is to review the 
basic principles of holography and to introduce a newly 
developed holographic technique called optical scanning 
holography (OSH). A photograph is a 2-D recording of 
a 3-D scene. What is recorded is the light intensity at 
the plane of the photographic recording film, with the 
film being light-sensitive only to the intensity variations 
(proportional to amplitude squared, i.e., 1 $ 1 2 ,  where $ is 
the light field which is a complex quantity characterized 
by its amplitude and phase). As a result of this intensity 
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Fig. 1. On-axis holographic recording of a point object. 

recording, all information about the relative phases of the 
light waves from the original 3-D scene is lost. This loss 
in the phase information of the light field in fact destroys 
the 3-D character of the scene, i.e., we cannot change the 
perspective of the image in the photograph by viewing 
it from a different angle (i.e., parallax) or we cannot 
interpret the depth of the original 3-D scene. Holography 
is a method invented by Gabor in 1948 [5 ] ,  in which 
not only the amplitude but also the phase of the light 
field can be recorded. The word “holography” combines 
parts of two Greek words: holos, meaning “complete,” and 
graphein, meaning “to write or to record.” Thus holography 
means the recording of complete information. Hence, in the 
holographic process, the film records both the amplitude 
and phase of the light field. The film is now called a 
“hologram.” When a hologram is properly illuminated an 
exact replica of the original 3-D wave field is reconstructed. 

The principle of holography can be explained by using 
a point object since any object can be considered as a 
collection of points. Fig. 1 shows a collimated laser is split 
into two plane waves and recombined through the use of 
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two mirrors (M1 and M2) and two beam splitters (BS). One 
plane wave is used to illuminate the pinhole aperture (our 
point object), and the other illuminates the recording film 
directly. The plane wave that is scattered by the point object 
generates a diverging spherical wave. This diverging wave 
is known as an object wave in holography. The plane wave 
that directly illuminates the photographic plate is known as 
a reference wave. Let $, represent the field distribution 
of the object wave on the plane of the recording film, 
and similarly let $r represent the field distribution of the 
reference wave on the plane of the recording film. The 
film now records the interference of the reference wave 
and the object wave, i.e., what is recorded is given by 

+ gOl2, provided the reference wave and the object 
wave are mutually coherent over the film. The coherency 
of the light waves is guaranteed by the use of a laser source. 
This kind of recording is commonly known as a holographic 
recording, distinct from a photographic recording in that the 
reference wave does not exist and hence only the object 
wave is recorded. 

It is well known in optics that if we describe the am- 
plitude and phase of a light field in a plane, say z = 0, 
by a complex function 4(z, y),  we can obtain for the light 
field a distance away, say z = zo, according to Fresnel 
diffraction [6]-[8] 

(1) 

where the symbol * denotes convolution and h(z ,y;z)  is 
called the free space impulse response given by 

$(X, Y; 20) = $(z, Y) * h(z ,  y; z = 20) 

In (2), ko = 27r/X, X being the wavelength of the light 
field. Now, referring back to our point object example, 
let us model the point object at a distance xo from the 
recording film by an offset delta function, i.e., $(z,y) = 
S(ic - zo, y - yo). According to (l), the object wave arises 
from the point object on the film is given by 

$0 = $(%, Y; 20) 

j k 0  
27rzo 

= - exp{-jko[(z - zo12 + (y - ~ 0 ) ~ 1 / 2 z o ) -  

(3) 

This object wave is a spherical wave. 
For the reference plane wave, the field distribution is 

constant on the film, say, &. = a (a constant) for simplicity. 
Hence the intensity distribution being recorded on the 
film is (see (4) at the bottom of the page) where A = 
a2 + (&)' and B = 2. This expression is called a 
Fresnel zone plate (FZP), which is the hologram of a point 

Y 

t 

tY 

(b) 
Fig. 2. FZP (holograms of offset point object) (a) The point 
object is located at some distance away from the film and at 
transverse location z = -TO, y = yo, and zo = yo = c < 0 (b) 
The point object is located at z1 E 2zo with transverse location 
lo = yo = -c 

object and we shall call it a point-object hologram [9]. Note 
that the center of the zone plate specifies the location 20 

and yo of the point object and the spatial variation of the 
zone plate is governed by a sine function with a quadratic 
spatial dependence. Hence, the spatial rate of change of the 
phase of the zone plate, i.e., the fringe frequency, increases 

a" 
12 
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Fig. 3. Reconstruction of a point-object hologram which has been 
recorded with an on-axis reference wave. The virtual image and 
the real image are formed along the same axis, illustrating the 
problem of twin image. 

reference 
wave 

linearly with the spatial coordinates, z and y. The fringe 
frequency then depends on the depth parameter, 20. In 
communications and radar, a 1-D version of this signal is 
known as a chirp signal. If the reference wave were not 
there as in conventional photography, what is recorded on 
the film is t ( z l y )  = 1 $ 0 1 2  = (&)2  which is a uniform 
intensity pattern. The 3-D information, i.e., 20, yo, and 20, 

is mostly lost. Fig. 2(a) shows the hologram of a point 
object for 20 = yo = c < 0, located a distance z0 away 
from the recording film. In Fig. 2(b) we show the hologram 
of another point object 20 = yo = -c, but now the point 
object is located away from the film at z1 = 2x0. Note 
that since z1 > xo in this case, the fringe frequency on 
the hologram due to this point object varies slower than 
that of the point object which is located closer to the film. 
Indeed we see that the fringe frequency contains the depth 
information whereas the center of the zone defines the 
transverse location. For an arbitrary 3-D object, we can 
think of the object as a collection of points and therefore 

we can envision that we have a collection of zones on the 
hologram, with each zone carrying the transverse location 
as well as the depth information of each individual point. In 
fact, a hologram has been considered as a type of FZP [lo] 
and the holographic imaging process has been discussed in 
terms of zone plates [ l l ] .  

So far, we have discussed the transformation of a point 
object to a zone plate on the hologram and this corresponds 
to a coding process. In order to decode it, i.e., we need 
to obtain the point object back from the hologram. This 
can be done by simply illuminating the hologram with a 
reconstruction wave as shown in Fig. 3. Fig. 3 corresponds 
to the reconstruction of a hologram of the point object 
located on-axis, i.e., for the simple case where 20 = yo = 0. 

Note that in practice, the reconstruction wave usually 
is identical to the reference wave, therefore we assume 
the reconstruction wave to have a field distribution on the 
plane of the hologram given by $ ~ ~ ~ ( x , y )  = a. Hence, 
the field distribution of the transmitted wave immediately 
after the hologram is q!&(z, y) = a t ( z ,  y) and the field at 
arbitrary distance of x away is according to (l), given by 
the evaluation of a t ( z ,  y) * h(z ,  y; 2 ) .  For the point-object 
hologram given by (4), we have, after expanding the sine 
term of the hologram t(z,y) 

- exp { -j& - zo)2 + (Y - Yo)21}}. (5 )  

Therefore, we have three terms resulting from the illumi- 
nation of the hologram by the reconstruction wave. These 
contributions at x = xo, according to the convolution 
operation, at(%, y) * h(z ,  y; xo), are as follows. 
First term: 

aA * h(z ,  y; z = zo) = aA (zero-order beam) (6a) 

Second term: 

4 ( z  - 5 0 ,  y - yo)(real image). 

Third term: 

* h(z ,  y; 2 = -xo) 

N S ( X  - 2 0 ,  y - yo)(virtual image). 
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Fig. 5. Optical scanning holographic system: LPF denotes a lowpass electronic filter. 

In the terminology of holography, the first term is the zero- 
order beam due to the bias in the hologram. The result 
of the second term is called the real image and the third 
term is the virtual image. Note that the real image and 
the virtual image are located at a distance zo in front and 
back of the hologram, respectively. This situation is shown 
in Fig. 3. Fig. 4(a) shows the holographic recording of a 
three-point object and Fig. 4(b) shows the reconstruction 
of the hologram of the three-point object. Note that the 
virtual image appears at the correct 3-D location of the 
original object, while the real image is the mirror image of 
the original object, with the axis of reflection on the plane of 
the hologram. Indeed, the original 3-D wavefront has been 
completely stored and now reconstructed. This is further 
explained by inspecting (4). By expanding (4), we have 

t(x,sl)  = IGT + Go12 

= l G T I 2  + 1M2 + IltrIlt; +!bo+:. (7) 

Note that the original object wavefront (the fourth term) 
Go has been successfully recorded (amplitude and phase) 
on the hologram. When the hologram is reconstructed, 
i.e., the hologram is illuminated by I&, the transmitted 
wave immediately behind the hologram is ~ / ~ ~ ~ t ( z , y )  = 

Ilt~~[IGr12+IGo12+GrG)O*+GO~~]. Again, aSSUming!brc = 
6. = a, we have $J~&(x,Y) = a[I$+12 + IvLI~] + a2+,,* + 
u2G0. The last term is identical to within a constant 
multiplier to the object wave which was present on the 
plane of the hologram when the hologram was recorded. If 
we view the object wave, we would see a virtual image 
of the object precisely at the location where the object 
was placed during recording with all the effects of parallax 
and depth. The second term is proportional to the complex 
conjugate of Go and is responsible for the generation of the 
real image (also known as the twin image). Physically, it 
is the mirror image of the 3-D object as seen previously. 
Finally, the first term, i.e., the zero-order beam, is a space- 
variant bias term as Go is a function of z and y in general. 

This would produce a space-variant background (noise) on 
the observation plane. 

II. OPTICAL SCANNING HOLOGRAPHY 
OSH is a novel technique first suggested by Poon and 

Korpel in 1979 [12], in which holographic information 
of an object can be recorded using heterodyne optical 
scanning. Corresponding to the principle of holography, 
the technique also consists of two stages: the recording 
or coding stage, and the reconstruction or decoding stage. 
In the recording stage, the 3-D object is 2-D scanned by 
a time-dependent Fresnel zone plate (TDFZP) [13]. The 
TDFZP is created by the superposition of a plane wave 
and a spherical wave of different temporal frequencies. The 
situation is shown in Fig. 5. While the object is scanned, 
a photodetector collects the light transmitted through the 
object (if the object is diffusely reflecting, a photomultiplier 
should be used to pick up the scattered light) and delivers a 
heterodyne scanned current, iscan(x, y), as an output. The 
current, which contains the FZP coded information of the 
object, is then mixed down to become a demodulated signal, 
i d ( x ,  y). When the demodulated signal is synchronized with 
the x and y scans of the x - y optical scanning system 
and fed to a 2-D display, what is displayed (or stored in a 
computer) in 2-D is a hologram or a FZP coded information 
of the object being scanned. To decode the information, 
the 2-D display can be photographed as a transparency. A 
laser may then illuminate the transparency to reconstruct 
a 3-D image. For real-time operation, the demodulated 
signal may be sent to a 2-D spatial light modulator (SLM) 
directly, and the spatial light modulator can then be read 
out by laser light to reconstruct the object. A 2-D spatial 
light modulator is a device with which one can imprint 
a 2-D pattern on a laser beam by passing the laser beam 
through it (or by reflecting the laser beam off the device). A 
liquid crystal TV (LCTV) (upon suitably modification) is a 
good example of spatial light modulators. Other examples 
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of spatial light modulators include liquid crystal light 
valves (LCLV’s) and electron beam addressed spatial light 
modulators (EBSLM’s) [14]. In fact, we can think of a 
spatial light modulator as a real-time transparency because 
one can update 2-D images upon the spatial light modulator 
in real time without developing films into transparencies. 
We shall now describe the recording and the reconstruction 
in more detail. 

For recording, we need to create a TDFZP. Fig. 6 shows a 
version of the practical implementation. At this moment we 
will ignore the portion of the figure that is enclosed by the 
dashed line. The discussion of that portion of the figure will 
come in Section IV. The two beamsplitters (BS) and the 
two mirrors form a standard interferometer configuration. 
Lens LI is inserted in the lower arm of the interferometer 
to produce a spherical wave on the object, whereas an 
acousto-optic frequency shifter in the lower arm provides 
a frequency shift (2 of the incident plane wave [15]. Thus 
a TDFZP, created by the interference of mutually coherent 
spherical and plane wavefronts, is formed on the object. 
The intensity pattern of the TDFZP is thus given by the 
following expression 

where A and B are constants, representing the ampli- 
tude of the plane wave and the diverging spherical wave, 
respectively. The frequencies WO and WO + R are the 
temporal frequencies of the plane wave and the spherical 
wave, respectively. The parameter z is a depth parameter 
measured away from the focal plane of lens L1 (which is on 
the surface of the 2-D scanning mirrors) toward the object. 
Equation (8) can be expanded and written as 

I(x, y; n) = A2 + C2 + 2ACsin - (x2 + y2) - Slt (9) 

where G = Bko/27rx. This is a familiar FZP expression 
[see (4)] [9] but has a time-dependent variable called a 
TDFZP. This TDFZP is now used to scan the 3-D object 
in two dimensions and the photodetector collects all the 
transmitted light. For the sake of explaining the concept, let 
us assume that a single off-axis point object ~ ( z - z o ,  y-yo) 
is located zo away from the focal plane of lens L1. The 
scanning of the TDFZP on the point object will cause 
the photodetector to deliver a heterodyne scanned current 
i ( x ,  y; z ,  t )  given by [16] 

i scan( .x ,g;z , t )  N sin - [ ( x  - 2 0 ) ’  + (U - - Qt . 

(10) 
After electronic multiplying with sin( ( I t )  and lowpass 
filtering, the scanned demodulated electrical signal i d ,  as 
indicated in Fig. 6, is given by 

[ 2 I 

1 { ;:o 

where x and y in the above equation are determined by the 
motion of the scanning mechanism. Note that the electrical 
signal i d  contains the location (20, yo) as well as the depth 
(20) information of the off-axis point object. If this scanned 
demodulated signal is stored in synchronization with the 
2 - y scan signals of the scanning mechanism, what is 
stored is then the 3-D information of the object. The stored 
information is effectively the FZP-coded information or a 
hologram of the object given ?/ 

t ( x ,  y) N constant bias + i d  

- yo)2 + ( 2  - yo)’] 

(12) 

Note that in the above expression, a constant bias has 
been added to i d  to preserve phase information so that the 
hologram can be stored by a square-law device such as 
film or displayed in a monitor or spatial light modulator 
for coherent reconstruction. The pattern shown in (12) is 
immediately identified as a hologram of a point source, 
i.e., a FZP as given by (4). Fig. 7 is a picture taken from 
a 2-D real-time display which shows a typical hologram 
of point-source object achievable with the system [13]. A 
pinhole of the size of about 50 pm has been used in the 
experiment as a point object. It is 10 cm away from the 2-D 
scanning mirrors. The focused beam, providing a spherical 
wave on the point object, is about 3.5 pm on the mirror, 
and the plane wave is about 1 cm. The principle of this 
novel holographic recording technique has been analyzed 
using Gaussian beams in detail [17]. 

As discussed before, reconstruction of the hologram can 
be achieved optically by producing a transparency of the 
hologram, illuminating it with coherent light, and observing 
the diffraction pattern at some distance. However, recently 
2-D experiments using an electron-beam addressed spatial 
light modulator have demonstrated coherent reconstruction 
[18]. If reconstruction is to be performed numerically, the 
digitally stored hologram can be convolved with the filter 
response, h(z ,  y; x), at the desired plane of interest, x. By 
selecting different planes of interest, we bring different 
depths of the 3-D object into focus, effectively viewing 
plane slices of the object. Numerical reconstruction of 
holograms recorded in this manner has been demonstrated 
in the context of 3-D microscopy [13]. 

111. OFF-AXIS HOLOGRAPHY 
Up to this point, we have discussed the recording and 

reconstruction of a point object using the principle of the 
so-called on-axis holography. The term “on-axis’’ refers 
to the use of a reference wave coaxially illuminating the 
hologram with the object wave. Although this technique 
can record 3-D information of the object, it has an annoying 
effect when viewing the reconstructed virtual image, the 
real image is also reconstructed along the viewing direction 
(see Fig. 3). This is the so-called “twin-image problem” 
in holography. In addition, the zero-order beam, which is 
space-variant, produces its annoying diffraction along the 
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- - - - -  
Fig. 6. Practical implementation of optical scanning holographic system: LPF and PC. 

same viewing direction. Off-axis holography is a method 
devised by Leith and Upatnieks in 1964 [19] to separate 
the twin image as well as the zero order beam from the 
desired image. To achieve off-axis recording, the reference 
plane wave is now incident on the recording film off-axis. 
Conceptually, referring back to Fig. 1, this can be done by 
simply rotate the mirror M1 in the clockwise direction such 

.that the reference plane wave is incident on the film at an 
angle. The situation is shown in Fig. 8(a). Mathematically, 
the recording now reads t(z:,y) = + where $T 
is now an off-axis plane wave given by a exp(jk0 sin Ox), 
and 4o is the spherical wave generated by an on-axis delta 
function and obtained by setting zo = yo = 0 in (3). On 
expanding t ( z ,  y), we have (see (13) at the bottom of the 
page) where A = u2 + ($Q-)2 and B = 2. t(z,y) is 
called a carrier-frequency hologram. Again we will have 
three terms resulting from the illumination of the hologram 
by the reconstruction wave. By illuminating the hologram 

with a reconstruction wave identical to the reference wave, 
we have $,,t(x, y) immediately after the hologram, where 
GrC = a exp(jk0 sin Ox) = &. Performing the convolution 
operation, $&(x, y) * k ( z ,  y; z ) ,  as in the case of on- 
axis holography, the three contributions at z = zo are as 
follows. 
First term: 

Aa exp(jk0 sin Ox) * h(z ,  y; z = 20) - exp(jk0 sin Ox), (zero-order beam). ( 1 4 4  

Second term: 

a exp(jk0 sin Ox) 

* h(z ,  y; x = zo) - S(z + 220 sin 0 ,  y),  (real image). ( 14b) 

+ y2] + kosin Oz 
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Fig. 7. Typical hologram of a point object achievable with the 
system shown in Fig. 6.  

Third term: 

a exp(jko sin 02) 

* h(z ,  y; x = -xo) 
N S(z, y) ,  (virtual image). 

The situation is shown in Fig. 8(b). For sufficiently large 0, 
the three beams propagate along different directions, thus 
the virtual image can be viewed without the disturbances 
from the zero-order beam and the real image. This tech- 
nique is also known as carrier-frequency holography as the 
holographic information is now riding on a spatial carrier at 
frequency ko sin 0/27r = sin 0 / X  [see the argument of the 
sine term in (13)]. For realistic parameter values, 0 = 45" 
and X = 0.6 pm for red laser light, sinB/X N 1000 
cycle/", this technique translates to a film resolution of 
about 1000 lines/" in order to be able to employ this 
technique for holographic recording-a major drawback 
if the carrier-frequency hologram is to be displayed on 
some sort of spatial light modulator for real-time coherent 
reconstruction. We will retum to this discussion in the next 
section. 

Carrier-frequency recording can be accomplished quite 
easily with optical scanning discussed in Section 11. To see 
this, let us return to (10). If recording is done by feeding 
the electrical signal into an intensity modulating input of a 
2-D display device (such as a storage oscilloscope) whose 
electron gun is synchronized with the x and y scans of the 
z - y scanning device, (10) will be written in the form of 
a 2-D displayed signal (the hologram) as 

k0 1 i ( z ,  y; .) sin{ G [ ( z  - zo)2 + ( g  - yo)2] - Rz/vz 

(15) 
where the temporal carrier frequency R in (10) has been 
translated into a spatial carrier frequency O/v, in (15), with 
2rz denoting the electron gun velocity of the display device 
in the 2-direction [20]. Note that this equation is identical 
to (13) in functional form, a carrier-frequency hologram. In 

(b) 

Fig. 8. Off-axis holography. (a) Recording with an off-axis ref- 
erence wave. (b) Reconstruction showing the separation between 
the zero-order beam, virtual image, and the real image. 

summary OSH can accomplish the idea set forth by Gabor 
[5] and by Leith and Upatnieks [19]. In addition, OSH is 
yet another way to eliminate the twin-image problem using 
a multiplexing technique without the use of a spatial carrier 
and we shall discuss it in the next section. 

IV. POTENTIAL APPLICATIONS 

A. Information ReductiodHolographic TV 
Analog electronic processing is fast if it only requires 

operations along 1 -D scan lines. Digital electronic process- 
ing is flexible and programmable but it lacks the capability 
of parallelism. On the other hand, optical processing can 
implement operations that involve an area of the image (i.e., 
capability of parallelism). Moreover, electronic processing 
cannot operate on the complex amplitude of the light wave. 
OSH is a hybrid technique in which the advantages of 
optics and electronics (analog and digital) are coupled to 
form a fast, flexible processing technique and yet have 
some degree of parallelism [21]. The use of a hybrid 
technique in the context of holography allows holographic 
recording performed in real time, bypassing the use of film 
for recording. Another advantage of OSH is the introduction 
of the constant bias during recording, as opposed to the spa- 
tially variant bias present in standard holographic recording 
(see the first two terms in (7)). The spatially variant bias 
recorded in the hologram will produce annoying effects in 
on-axis holography when the image is reconstructed. These 
terms also cause unnecessary information content to be 
recorded and stored in the hologram, which is undesirable in 
off-axis holography. Since the bias term in OSH is constant, 
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Fig. 9. 
the off-axis hologram (b). 

Spectra of the object (a) and the information recorded on 

less spatial resolution is required of the recording medium 
to achieve a higher quality reconstructed image. This is 
clear by inspecting Fig. 9. Fig. 9(a) shows the spectrum, 
i.e., the spatial bandwidth, of the object. For simplification, 
we only consider a one dimension object with a bandwidth 
of 2W. If now the object is holographically recorded 
using the off-axis technique, the spectrum of the recorded 
information [see (7)] on the hologram is shown in Fig. 9(b). 
The center portion of the spectrum is due to the term 

I $ J T  l 2  + I$o I 2,  whereas the spectrum of the two sides are 
due to the terms $JT$Jg* and GO$)r*, assuming I ) ~  is a plane 
wave for simplicity. Hence we see that in order to employ 
the off-axis technique, the recording medium must be able 
to record up to the spatial frequency of 2 ( f c  + W )  with 
the spatial carrier frequency f c  2 3W, and hence the 
required spatial bandwidth of the recording medium must 
be at least 8 W. If now the bias term is constant, such 
as in the case of OSH demonstrated in (12) [In fact, 
the elimination of the holographic bias term is commonly 
used in computer generated holography (CGH) 1, the center 
portion of the spectrum in Fig. 9(b) becomes very narrow, 
and hence the required resolution of the recording medium 
now becomes 2 ( f c  + W )  with f c  2 W ,  or 4W. This 
bandwidth is made possible with the heterodyne technique 
introduced in OSH. Indeed, the use of the heterodyne 
technique to reduce the spatial resolution of a camera tube 
in a holographic TV system has been described [22], [23]. 
Several other techniques leading to the reduction of the 
spatial resolution required of the camera tube also have been 
described [24]-[26]. This is an issue of major concern in TV 
transmission of holographic information as well as in spatial 
light modulator (SLM)-based holography. In SLM-based 
holography, holograms could be stored in crystals or liquid 
crystals instead of films and subsequently read out by laser, 
hence bypassing the use of film processing and making 
real-time holography feasible. Some recent publications in 
SLM-based holography include the work of Hashimoto et 
al. [27] and Poon et al. [18]. 

In the context of information reduction and twin-image 
elimination, we discuss a novel idea in OSH. This idea 
leads to twin-image elimination and yet does not intro- 

duce carrier frequency in the recording system at all. 
By inspecting (5) and (6) and the related discussion, we 
see that another way to eliminate the twin-image is the 
suppression of the term exp{jQ(I(:,y)}, where Q ( I ( : , ~ )  = 
&[ (z -~ :o)~+(y-yy~)~ ] ,  as the term exp{-jQ(I(:, y)} will 
only give rise to the virtual image. In (l l) ,  sinQ(I(:, y) = 
{exp[jQ(x, y)] - exp[-jQ(z, y)]}/2j. If we can generate a 
quadrature scanned demodulated signal i2(1(:, y) such that 
(11) becomes cos Q ( I ( : ,  y), we may add i d ( % ,  y) and i?(z, y) 
to form a complex scanned signal as 

Note that & ( I ( : ,  y) is a phase hologram, which will only give 
rise to the virtual image reconstruction. The question is how 
to create such a quadrature scanned signal so that (16) can 
be calculated. The idea of multiplexing is exploited. Recall 
that scanning the object by a TDFZP produces a hetero- 
dyne current. When the heterodyne current is subsequently 
multiplied by sin(Rt) and lowpass filtered, it gives rise to 
a sine Fresnel zone-lens plate coded image given by (11). 
Now in addition to multiplying the heterodyne current with 
sin(Rt) to get ( l l ) ,  one could also multiply the current 
by cos(Rt) simultaneously and lowpass filter (LPF) to get 
i2(1(:, y) = cos Q ( I ( : ,  y). We refer to this concept of simulta- 
neous acquisition of the cosine- and sine-coded images as 
multiplexing. The proposed set-up is shown in Fig. 6, the 
cosine-coded information is extracted by the portion of the 
system that is inside the dashed line. The signal iscan(x, y) 
is simultaneously multiplied by sin(Rt) and cos( Rt) to 
eventually obtain id (I(:, y) and if ( II: , y ) , respectively. The 
complex addition of zd(z, y) and %?(I(:, y) according to 
(16) can be performed by the personal computer (PC). This 
concept of twin-image elimination has been demonstrated 
in computer simulations [28] (optical experiments are still 
needed). This method of eliminating the twin image is better 
than that of the carrier method in terms of reduction in 
the required bandwidth on the communication channel, an 
important consideration if holographic information is to be 
transmitted through some channel to a remote site. Another 
way to deliver the holographic information to a remote 
site is wireless transmission. This could be easily done 
with the holographic information right at the output of the 
photodetector, already riding on a temporal carrier R. This 
information could be directly amplified and radiated by an 
antenna, a viable scheme for TV (or wireless) transmission 
of holographic information. Indeed 3-D holographic TV 
systems. have been the subject of current interests [20], 
[29]-[33 1. A special issue on electronic holography in 
optical engineering has also been scheduled [34]. 

B. 3-0 Coding and Decoding, 3-0 Preprocessing, 
and 3-0 Space-Variant Filtering 

In the context of information reduction discussed in the 
last section. We want to point out another example that 
has an important application. It is preprocessing. Recently, 
attempts have been made to improve the contrast of the 
fringes in the interference pattem before recording the 
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hologram [351. Preprocessing not only can improve the 
reconstructed image quality but also lead to the reduction 
of information content to be recorded in the hologram [36]. 
The optical scanning approach to holographic recording 
allows us to investigate the possibility of performing real- 
time preprocessing of the object while its holographic 
information is being recorded, modifying the characteristics 
of the scanning beams by spatially modulating the laser 
beams. 

By inspecting (9) and (13) for point object recording, 
we can model the process of OSH as the convolution 
between the FZP (the scanning beam) and the object. A (a) 
constant bias is then added to the result of the convolution 
so that the hologram can be recorded on a square-law 
device. This is 3-D coding. For reconstruction (decoding), 
we convolve the hologram with the free-space impulse 
response h (z ,y ; z ) .  By varying the value of z ,  different 
2-D slices of the 3-D object are reconstructed. This process 
constitutes 3-D coding and 3-D decoding and is basically 
a holographic process. If we now use a structured beam to 
code the 3-D object, say by modifying the focused beam 
(see the focused beam at the focal plane of lens L1 in 
Fig. 6) through a mask in front of lens one, we have a 
new 3-D coded object. Hopefully, the way we modify 
the beam can in some way perform useful processing of 
the object being scanned. To decode the coded object, we 
simply convolve the object with h (z ,y ; z )  as before. We 
have tested this idea by performing computer simulations 
[37]. By placing a Gaussian annular aperture (a thin ring- 
aperture with opening of the ring shaped according to 
a Gaussian function) in the front focal plane of lens 
L1, we create a structured beam. Fig. 10(a) shows the 
original object and Fig. 10(b) shows the reconstruction 
of the hologram created by the scanning of the FZP. 
Fig. 10(c) shows the reconstruction of the hologram in 
which the hologram has been generated by convolving 
the structured beam with the object. It is evident that the 
reconstructed object has been edge-extracted, which means 
that the hologram contains only the edge information of 
the object, thereby reducing the information content to be 
stored in the hologram. In fact by using the structured 
scanning beam, we have recorded narrow-band holographic 
information on the hologram. This concept provides a 
powerful coding scheme for holographic recording and also 
suggests the idea of 3-D space-variant filtering which could 
be visualized by modifying the laser beam while scanning. 
Space variant filtering means that different parts of the 3-D 
object are processed and filtered differently according to 
the shape of the structured beam on that part of the object. 
Further investigation on this subject is needed. 

C. 3 - 0  Microscopy, 3-0 Optical Remote Sensing 
Three-dimensional imaging is a formidable task in optical 

microscopy, as it is well known that the greater the lateral 
magnification, the smaller the depth of field. Techniques 
have been devised to achieve high lateral magnification with 
extended depth of field. Optical sectioning microscopy [38] 
and scanning confocal microscopy [39] are the two common 

(C) 

Fig. 10. Holographic preprocessing simulation. (a) Original ob- 
ject, (b) reconstruction of the hologram obtained by FZP coding, 
and (c) reconstruction of the hologram obtained by structured beam 
coding. 

techniques available in practice for 3-D imaging. In optical 
sectioning microscope, 3-D information is collected and 
stored by recording a series of 2-D images at various 
focal planes throughout the 3-D specimen. Reconstruction 
algorithm are applied to the 2-D images to form a 3-D 
image. One of the main problems of this technique is 
the alignment of the individual 2-D images; reconstruc- 
tion using misaligned images can cause a serious false 
representation of the original 3-D structure. In scanning 
confocal microscope, the 3-D specimen is imaged one 
point at a time. Three-dimensional information of the 
specimen is built up by 3-D scanning. Three-dimensional 
scanning is time consuming, and the scanning instrumental 
tolerances required to achieve high-resolution imaging are 
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very difficult to obtain. Holography is anther way to achieve 
high resolution 3-D imaging as it can record a large volume 
of object space without a loss of resolution. Holography 
has been applied successfully in many applications, such as 
particle sizing [40]. OSH can be applied to 3-D microscopy 
with the advantage that only a 2-D scan is required to 
acquire 3-D information. Also, scanning alignment along 
the depth is no longer required as compared to the two 
common conventional techniques. The application of OSH 
to 3-D microscopy has been discussed recently in some 
greater detail [ 131. 

In general, OSH can be applied to other shorter and 
longer wavelength systems as long as one can find optical 
elements of the particular wavelength that can generate both 
a collimated beam and a focused beam so that the two 
beams interfere to form a FZP on the object. In addition, 
an optical frequency shifter for that wavelength should be 
available. Since the technique bypasses the use of film and 
employs the use of a photodetector to collect holographic 
information, this suggests CO2 holography for optical re- 
mote sensing since 10.6 pm can penetrate the atmosphere 
with little absorption. At the other end of the light spectrum, 
X-ray holography using the scanning technique should be 
looked into as X-ray lasers become a reality [41] and should 
be important for high-resolution 3-D imaging. Also, since 
the recording technique is based on an active illumination 
scanning system, holograms (or 3-D information) of a large 
area can be recorded. Another potential application includes 
3-D robotic vision as efficient object illumination can be 
achieved under most circumstances using optical scanning. 

V. FUTURE ISSUES 
To conclude the paper, we want to discuss two impor- 

tant considerations that are worth looking into in further 
investigation of OSH. 

A. Coherency Consideration 

It has been shown that for any partially coherent optical 
system, one can find an equivalent scanning optical system 
[42]. Any optical scanning system, therefore, allows for 
a choice of degree of coherency and thereby permits a 
vast range of optical spatial filtering to be performed. In 
the context of scanning holography, the scanning beam on 
the 3-D object is a FZP. Depending on the size of the 
zone plate with respect to the size of the object being 
scanned, we can achieve coherent holographic recording 
and partially coherent holographic recording. If the size of 
the zone plate is large as compared to that of the object so 
that the scanning beam always illuminates the entire object, 
we have a coherent holographic recording as the resultant 
hologram is the coherent superposition of the individual 
holograms of each point within the object. To the contrary, 
if the zone plate size is much smaller than that of the 
object, the zone plate never overlaps the entire object at any 
instant of the scanning process, giving a partially coherent 
recording. The application of scanning holography to 3- 
D microscopy should be considered a coherent recording 

photodetector 

I object 

__ 
BPF 

computer 

(b) 

Fig. 11. Multiple-beam scanning holography. (a) Multiple-beam 
scanning and (b) information extraction scheme: BPF @ 0, 
denotes a bandpass filter tuned at temporal frequency CL,. 

as the microscopic specimen in general should be much 
smaller than the scanning beam. The use of the scanning 
holographic technique to 3-D remote sensing should be 
considered as partially coherent recording. Comparisons 
between the two cases should be investigated in the context 
of 3-D imaging. 

B. Multiple-Beam Scanning Consideration 

The power of the optical scanning technique and its 
capability can be greatly enhanced if multiple beams are 
used to process or code the object. Fig. 11 illustrates the 
concept of multiple-beam scanning. The portion of the 
figure to the right-hand side of the dashed line represent 
the original optical scanning system. The optical beam 
at frequency W O  represents a plane wave and the beam 
at frequency W O  + RI generates a point source on the 
2-D scanning mirrors. If the mask, ml(z ,  y), in general 
any programmable spatial light modulator equals one, we 
have the FZP generated on the 3-D object. If ml(x,y)  is 
a Gaussian annular aperture, we have a structured beam 
scanning the object, as discussed in Section IV. Now we 
may add an array of beamsplitters and masks mn(x ,  y), 
shown in the left-hand side of the dashed line in the 
figure, so that many optical beams of different temporal 
frequency W O  + R, and of different spatial structures (as 
modified by m,(z, y)) are combined and used to scan the 
3-D object. The current z(x,y) now contains the multiple 
coded information (riding on different heterodyne current 
CL,) of the object. The different coded information at 
R, can be extracted simultaneously using the detection 
scheme shown in Fig. 1 l(b). This is a concept of frequency 
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multiplexing and demultiplexing which is essential to the 
operation of radio and TV. In Fig. ll(b), i d ( 0 , )  represents 
the different demodulated signals corresponding to the 
different heterodyne frequencies 0,. These demodulated 
signals can be sent to a computer for further processing 
if needed or simply for digital reconstruction. Final results 
may be presented on a monitor. If real-time reconstruction 
is required, the computer may route the different signals 
to a spatial light modulator or modulators for coherent 
reconstruction. 

VI. SUMMARY 
We have given a tutorial on the principles of hologra- 

phy and clearly distinguished on-axis and off-axis holo- 
graphic recording. While off-axis recording can eliminate 
the twin-image problem, it creates the problem of higher 
transmission bandwidth of the transmission channel and 
higher spatial resolution requirement for the display device 
that displays the hologram for real-time reconstruction-an 
important issue for a 3-D TV system if holographic infor- 
mation is to be transmitted and displayed. 

We have also reviewed a new holographic recording 
technique in which 3-D information of an object can be 
achieved with 2-D optical scanning, called OSH. OSH can 
generate on-axis as well as off-axis recording with the 
advantage that it reduces the resolution requirement of the 
recording material in that the bias term in the hologram 
is constant. To further reduce the resolution requirement, 
we have discussed a novel technique in which quadrature 
recording is used. The twin-image problem can be elimi- 
nated entirely without the use of off-axis recording, thereby 
further reducing the resolution and channel bandwidh 
requirement and possibly making a holographic TV system 
a practical and viable technology. Along this line, we have 
also discussed an information content reduction technique 
in the context of OSH, such that a narrow-band holographic 
signal can be achieved by using a structured scanning beam. 
Finally, use of the technique in 3-D microscopy and 3-D 
optical remote sensing has been suggested. 

To summary the status of OSH, the technological in- 
novations have been demonstrated and various potential 
applications are being studied. While feasibility has been 
proven in most cases, it awaits broader application. We 
submit that OSH is simple and yet powerful for 3-D 
imaging. We hope that this article will stimulate further 
research in holography and its various applications. 
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