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Resolution in Optical Scanning Holography
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Abstract

In optical scanning holography, 3-D holographic information of an object is generated by 2-D active
optical scanning. The optical scanning beam can be a time-dependent Gaussian apodized Fresnel zone
plate. In this technique, the holographic information manifests itself as an electrical signal which can
be sent to an electron-beam-addressed spatial light modulator for coherent image reconstruction. This
technique can be applied to 3-D optical remote sensing especially for identifying flying objects. In this
paper, we first briefly review optical scanning holography and analyze the resolution achievable with
the system. We then present mathematical expression of real and virtual image which are responsible
for holographic image reconstruction by using Gaussian beam profile,

allowing holographic recording to be performed in

I. Introduction real time, bypassing the use of films for re-
cording[4]~(71,[13). Thus electronic holography

Holography has been an important tool for lends itself to real-time applications. In this paper,

scientific and engineering studies, it has found a we limit our study to one type of electronic
wide range of application[1]~[7]. Electronic hol- holography in which an active optical heterodyne
ography is a technique in which electronic pro- scanning technique is used to achieve 3-D holo-
cessing is used in the context of holography, graphic recording. Two main features of this tech-
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technique known as optical scanning holography
(OSH) are that the recording is incoherent (phase
insensitive) and that a large area detector can be
used[8].

II. Fresnel Zone Plate and Resolution

Consider a spherical wave of wavelength A,
traveling from left to right as shown in Fig, 1.
The spherical wave is produced by a point source
and is assumed to be incident on the plate. The
wavefront at a given instant of time may be
divided into a number of concentric zones in such
a way that each zone is one-half of a wave-
length farther away from point O. If the distance
from the wave front to O is S, the distances
from successive boundaries between zones to O
are given by

A 24 34 _mA
S+ 2,S+ 9 .S+ 2 oo SH 2 (1

Let R, be the radius of the m-th boundary.
Then R,, is given by

R,,,=\/ (s+ 7rz—{z‘-)2~sZ )

These are either opaque or transparent, that is,
Fresnel zone plates, This result was obtained by
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Fig. 1. Fresnel zone plate on a spherical wave front.

127

integration over all waves passing through the
circular opening. The boundaries between zones
have radii that are proportional to the square root
of the integer number,

R,=RVm, m=1,23,... ®))
where R;, is the radius of the innermost
boundary. From Eq. (2)

2
s2=(s+m-g—) - R, Rz =mSi (4)

Since A is small compared with S, the term
A/S may be neglected. However S is also the

focal length of the zone plate because of its
focusing properties. Thus

A zone lens does act both as a positive and a
negative lens. Its focal length is =*f. That is
because light diffracted at the boundaries will be
diffracted not only toward the optic axis, but
away from it as well. Now consider Fig. 2 In
which Fresnel zone plates have R, and R, as
radii of the boundary and f; and f; are their
focal lengths respectively. According to Eq. (5)
we can have

2 2
fm—fn =K ®

where M, N are the integer. Resolution limit
is defined as Rz-%. In order to make the two

zone lens to give the same resolution on image
reconstruction, we need to have

(R ,=(R., ’If)l“,"z’gf"' %=§’: (7)
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Fig. 2. Fresnel zone plate of two different size.

which shows that the ratio of the number of
zones is inversely proportional to that of the
radius of the zone lens plate.

. Theory of Optical Scanning Holography

In optical scanning holography, an object is
two-dimensionally scanned by a time-dependent
Fresnel zone plate(TDFZP) created by the su-
perposition of a plane wave and a spherical wave
of different temporal frequencies to generate a
hologram of the object, as shown in Fig. 3. We
model the scanning plane wave and the spherical
wave by two Gaussian beams of a broad and a
narrow waist, respectively. In practice, a broad
and a narrow Gaussian beam are combined with
a beamsplitter [9],(10]. One of the Gaussian
beams is frequency-shifted so that the two
beams interfere to form a temporally modulated
Gaussian apodized Fresnel zone plate Kx, vz 9
at the location of the object P(x,y2):

_ 2
Kz, 350 =6x 32+ 0y T wl?)

2

ool-(52F)

F

sin( ; 1§(°z) (2 + ) +.Qt), ()

where k&, is the wave number of the light
and z is the distance measured away from the
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waist of the narrow beam to the location of the
object P(x,y;2), as shown in Fig. 3. &(x,y;2)
is the DC term and the AC term, modulated at
temporal frequency 2, is the temporally modulated
Gaussian apodized Fresnel zone .plate. £ denotes
the temporal frequency shift between the narrow
Gaussian beam and the board Gaussian beam.
The photodetector PD collects the scattered light
after the modulated zone plate interacts with the
object, P(x,y;z), to give a current

Wyt
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Fig. 3. Real-time optical heterodyne scanning hologr-
aphic system,

ix,y; z;0 ~ffAP(x'.y';z)I(x(t)
X', W)=y z;Ddx’'dy’
=x,y;2z;)*P(x,y;2)

=bx,y;2)*P(x,y;2)
2

+Hx,y:z)*a2)exp(“(%))

. sin( 2}§(Oz) (x2+y2)+.Qt) (9

. 2
Where C(2) s oy w2 w0 w2

Note that the integration is over the photo-
detector area A: x(#) and y(¢#) are determined
by the xy-scanner’s motion. Therefore, the con-
volution operation * is effected by the physical
scanning. The AC term can be separated by a
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bandpass filter (BPF) tuned at frequency to give
the signal which can be demodulated by mixing
it with cos(2f and lowpass filtered to give a
demodulated current i, :

iqs(x,y;2)~P(x,y;2)

. k
- sin (s (44 37) 10)

14(x,v;2) contains the holographic information
of the object being scanned. In fact it is a zone
plate coded information of the object. i,(x,y;
2) can be stored on a computer for digital
reconstruction. If this holographic information
needs to be displayed or stored on films, a
constant bias can be added to it to give a
hologram of an amplitude transmittance ¢ (x,y;z2)

Hx,y;2)=b+1i,

=b+P(x,y;2)*C(z)eXD(” ﬁ(-:)é )
[k
S“(TR’E’?)("ZHZ)) (1)

Note that the space-variant term &(x,y;2)
in i(x,y;z;t) has been filtered out by the
bandpass filter. Therefore, in computer simul-
ations to be performed later, we will plot the
scanning beam profile as

flx,v:2) =Kx,y;2;¢=0)— b(x, y;2)
=C(z)exp("%-':)‘¢)‘)
. kg 2
- sin( gty (P +) gy

To reconstruct the hologram ¢#(x,y;2) op-
tically, we can illuminate it with a plane wave,

Let us now concentrate on a point object
reconstruction, We, therefore, let P(x,y;2) =
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0(x,y),: located at 2=z, away from the

waist of the narrow beam, the point-object
hologram, according to (11) , is

2+ 2
ta(x,y:20)=0b + exp(- W 2)? )

. sin( ZRI?ZO) (x2+y2))

(13)

Upon plane wave illumination, the complex
field distribution at a distance z away from the
point-object hologram is given by

Hx,y:2)= tolx,y; z2o)*h(x,y;2) (14)

where

h(x, y;2) = exp(—jko(x* +3%)/22) is the
free space impulse response [11,12], neglecting
some constants, By expanding (14), we have

.k
¢(x.y;z)~b*exp( —1—270( x2+ yz))

L expf - LY
+ 2% exp( ’;)(20)2 )exp

. (j 2RIZO%) (x2+y2))exp( - "%05 (x2+y2))
__—21]-.- eXp(—.L%(;:_O}S’;)_)

exp(—j . —2%(%07(::2+yz))

exp( —i% (£ + yz)) (15)

At a distance z= z;, the second term can

be evaluated and gives rise to a real image re-
construction:

2
b = 12 exp(— a2 wlag (a7 +57)

- exp(—ja(x*+ 3%)) (16)
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where a= ky/2R(z;). Hence, a point-object
gives rise to a Gaussian distribution with its
waist given by 1/au{z,), ie., the resolution of
the reconstructed point depends on the size of
the scanning Gaussian beam, as well as the
number of zones within the beam on the scanned
 object, ie, ~a. The third term in (15) gives a
twin-image ¢, in the z=z; plane:

_ T w 20) 2
T 41+ 48wz H'??
xp(— azw(zo)z(xz'*'yz))
P 1+ 4a%w(zp)"

2 4
- exp( —ja(x2+y2)(—i-%7ﬁ—:§;7

g

)
amn

- The first term in (15) gives a constant back-
ground #/a. To find the intensity distribution on
the real-image reconstruction plane, we calculate

P(x,y; 2)=Kx, 9:2)¢"(x,y :2)
=|n/a+ ¢+ ¢:* (18)

We now want to investigate the effect of the
parameters ky/2R(z;) and u{z;) on reconstru-

ction based on the above equation. It is evident
that the resolution is given by the waist of the
reconstructed point and is equal to 1/

ko )
{(m)w(zo)}. Referring to eq. (7), the

larger the scanning beam waist, w(zp), the better
is the resolution if /o/2R(z,) remains the same.
Also, a larger number of zones within the Gaus-
sian beam, ie, the larger the 4y / 2R(zp), wil
give a better resolution if the beam waist is the
same, For a given { ky/2R(zp)} X u(z;), the

resolution of the reconstructed image remains the
same,
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IV. Concluding Remarks

We have discussed Optical Scanning Holo-
graphy(OSH). The principle of OSH is based on
optical heterodyneing and scanning and therefore
is an electro-optical hybrid sysem that is real-
time in nature. It has been shown that by
scanning an object with a temporally modulated
Gaussian apodized Fresnel zone plate to acquire
holographic information, the ratio of the number
of zones is inversely proportional to that of the
radius of the zone lens plate. We also discussed
the resolution achievable is directly proportional to
the size of the beam and the number of zones
within the beam, Note that the two scanning
beams will give the same resolution upon image
reconsfruction on the condition that the product

of nu(z,) and (TR(%)(%[) gives w(zg)

()
2R(z) |

One may argue that scanning with a larger
beam causes twin-image noise to interact with a:
broader part of the image, Further investigation
into the effect of the parameter 4,/2R(z,) and
u(z;) on reconstruction remains for the future
work, This effect may prove to be more im-
portant if the object is contaminated with noise,
It may be that when the size of the scanning
zone plate is larger than that of the object so
that the scanning beam always illuminates the
entire object, we have a situation reminiscent of
coherent holographic recording since the hologram
is the simultaneous superposition of the individual
holograms of each point within the object. On
the contrary, if the zone plate size is much
smaller than that of the object, the zone plate
overlaps only a small part of the object at any
instant of the scanning process, a situation re-
miniscent of a partially coherent recording [14].
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