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Digital holography is the direct recording of holograms 
using a CCD camera and is an alternative to the use of 
a film or a plate. In this communication in-line digital 
holographic microscopy has been explored for its  
application in particle imaging in 3D. Holograms of 
particles of about 10 μm size have been digitally re-
constructed. Digital focusing was done to image the 
particles in different planes along the depth of focus. 
Digital holographic particle imaging results were 
compared with conventional optical microscope imag-
ing. A methodology for dynamic analysis of micro-
particles in 3D using in-line digital holography has 
been proposed. 
 
Keywords: CCD camera, digital holography, holo-
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DIGITAL holography (DH) is a rapidly growing opto-
digital method for imaging, microscopy and metrology1–10. 

In DH, the hologram which is the interference of object 
and reference waves is recorded in digital form using 
CCD or CMOS sensors and then numerically reconstructed 
on the computer. With recent developments in mega-pixel 
CCD cameras and the fast, efficient reconstruction algo-
rithm, it is now possible to record digital holograms in real 
time. Use of fast computers in numerical reconstruction 
makes DH more flexible in terms of hologram processing. 
The ability of numerical evaluation of both amplitude and 
phase information is its main advantage over other optical 
imaging methods. There is no wet chemical process and 
other time-consuming procedures in DH. Its diverse appli-
cations in areas such as microscopy4, micro-particles  
imaging6, 3D imaging7, interferometry8, MEMS charac-
terization9,10, shape measurements11, particle image ve-
locimetry12 and in biology13 are well known. The limited 
pixel size of the commercially available digital detectors 
restricts the angle between the object and reference 
beams to few degrees for hologram recording. Thus  
in-line geometry proposed by Gabor1 becomes the pre-
ferred choice for digital holography. Also, in-line DH 
makes efficient use of full sensor area for hologram re-
cording in comparison to off-axis geometry. The main 
problem with in-line geometry is the overlapping of zero-
order and twin image waves with the real-image wave 
during reconstruction process. Various digital methods have 
been proposed to suppress these unwanted waves14,15. 
Typical in-line DH applications have also been repor-
ted16,17. Many such applications are also being explored. 
 In many situations involving particle fields there is an 
urgent need to develop optical techniques to measure in-
stantaneous 3D distribution of particles dispersed in a flow. 
Various optical techniques are developed for instantane-
ous 3D measurement of particle distribution18, including 
stereoscopic particle tracking19, defocusing digital particle 
image velocimetry20, forward scattering particle image  
velocimetry21, and holographic techniques such as holo-
graphic particle image velocimetry22–24. These techniques 
have limitations either with volume size or particle den-
sity or the need for multiple exposure. However, in recent 
years DH has shown its capability in providing high-
resolution, instantaneous measurements of a large number 
of particles in a 3D volume7,13,18. In-line DH for particle 
imaging has the potential for the measurement of size, 
position and velocity of particles distributed in 3D. The 
advantage with in-line DH is that full CCD sensor area is 
utilized for real-image reconstruction of the objects. The 
aim of this communication is to demonstrate that selec-
tive numerical reconstruction of the hologram in different 
planes is helpful in visualizing micro-particles along the 
flow field. A simple digital focusing method to eliminate 
the defocused particles and display a plane containing only 
the in-focus particles of the image is proposed. Then, a 
comparative study of particle imaging using digital  
in-line holographic microscopy and conventional optical 
microscopy is presented. Furthermore, only a single holo-



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 96, NO. 3, 10 FEBRUARY 2009 392 

gram is necessary to display the particles in different 
planes along the depth of focus and no other curve-fitting 
or processing is required. The methodology for dynamic 
analysis of micro-particles in 3D using in-line DH will be 
presented later in the communication. 
 So far, various optical geometries have been proposed 
for particle analysis using DH6,16,25. The simplest and 
most common optical system for particle analysis is using 
the collimating laser beam; here a collimated beam is 
used to shine the particle field distribution. The limitation 
of such geometry arises because of the poor resolution of 
the CCD, that restricts the size of particles to be meas-
ured. The experimental set-up used is shown in Figure 
1 a. A 0.532 μm frequency-doubled, spatially filtered  
collimated Nd–YAG cw laser beam was used to illumi-
nate a 4 mm thick glass slide, which has few micro-
particles of sizes ~10 μm on either face. Fresnel holo-
gram was recorded on a CCD placed at distances of 64 
and 68 mm from the faces of the slide. The CCD (DFK 
41BF02) had 1280 × 960 square pixels of size 6 μm. A 
typical digitally recorded hologram of micro-particles in 
3D is shown in Figure 1 b. 
 Recent developments in reconstruction algorithm and 
CCD cameras permit efficient digital holographic recon-
struction and quantitative evaluation in real time. The two 
most common methods used for numerical reconstruction 
of DH are the Fourier transform (FT) and convolution 
(CV) methods. In FT method the reconstructed wavefield 
is Fourier transform of the product of the DH with the  
complex reference wave and impulse response function. 
The reconstructed wavefield is defined as: 
 
 ( , ) { ( , ) ( , ) ( , )}U x y H R gξ η ξ η ξ η= ℑ . 
 
Here H(ξ, η) is the hologram, R(ξ, η) the reconstruction 
wave and g(ξ, η) the impulse response of coherent optical 
system. 
 In the FT method of reconstruction, the pixel size of the 
numerically reconstructed image varies with the recon-
struction distance d and is given by: 
 

 dx
M
λ

ξ
Δ =

Δ
, dy

N
λ
η

Δ =
Δ

, 

 
where λ is the wavelength used, Δξ and Δη are the pixel 
size, and M, N are pixel numbers. 
 In the CV method, the Fourier transform of the product 
of the digital hologram and the reference wave is multi-
plied by the transfer function of the coherent optical system 
at the reconstruction distance. The reconstructed object 
wave is then the inverse Fourier transform of this product. 
In convolution approach of reconstruction, the recon-
structed wave is defined as: 
 
 ( , ) [ ( , ) ( , )] [ ( , )].U x y H R gξ η ξ η ξ η= ⊗  

Here ⊗ indicates a two-dimensional convolution. The re-
constructed wavefield can be calculated using the convo-
lution theorem as: 
 
 1( , ) [ { ( , ) ( , )} { ( , )}].U x y H R gξ η ξ η ξ η−= ℑ ℑ ℑ  
 
The pixel size of the reconstructed image by the CV 
method is the same as that of the CCD and does not vary 
with reconstruction distance, i.e. Δx = Δξ and Δy = Δη. 
 In the FT method, the magnification of the recon-
structed image varies with the reconstruction distance2, 
while it remains constant and equal to the pixel size of 
CCD sensor in the CV method. The FT method can also 
be used for objects larger than the CCD array size, but the 
CV method is used only for small objects. We used the 
CV method for reconstruction. 
 Figure 2 shows the coordinate system of recording and 
reconstruction in DH. A collimating laser beam illumi-
nates the particle field, and the hologram formed due to 
the interference of the directly transmitted light and the 
light diffracted the particles is recorded using a CCD sen-
sor. Let (x, y) be the object plane and (ξ, η) the hologram 
plane. The object wave O(ξ, η) at the hologram plane is 
defined as the convolution of amplitude transmittance  
of the particle A0(x, y) with the impulse response of the 
coherent optical system and can be written as 
 

 0
exp(i )( , ) ( , )

i
kdO A x y
d

ξ η
λ

= ∫∫  

     2 2iexp {( ) ( ) } d d ,
2
k x y x y
d

ξ η⎡ ⎤− + −⎢ ⎥⎣ ⎦
 (1) 

 
 

 
 

 
Figure 1. a, Digital in-line holography experimental set-up using col-
limated laser beam. b, Typical digital in-line hologram of particles. 
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where k = 2π /λ is the wave number and d  the recording 
distance. 
 The interference between the object wave O(ξ, η) and 
plane reference wave R(ξ, η) is recorded on the hologram 
plane (ξ, η). The complex amplitude of the interference 
pattern at the hologram plane is 
 
 ( , ) ( , ) ( , )U O Rξ η ξ η ξ η= + . (2) 
 
The CCD sensor records this interference pattern in the 
form of intensity distribution ( , ) ( , ) *( , ),H U Uξ η ξ η ξ η=  
called a digital hologram, which is stored in the com-
puter. 
 Thus, 
 
 2 2( , ) | ( , ) | | ( , ) |H O Rξ η ξ η ξ η= +  

     ( , ) *( , ) *( , ) ( , ),O R O Rξ η ξ η ξ η ξ η+ +  (3) 
 
In the reconstruction step, the hologram is multiplied by a 
reconstruction wave (R′) and the reconstructed complex 
wave field at a distance d′ is obtained using the Fresnel’s 
diffraction integral. The numerical reconstruction process 
was performed using the CV method. The reconstructed 
wave field can be written as: 
 
 ( , , ) { ( , ) ( , )} { ( , )},U x y d H R gξ η ξ η ξ η′ ′= ⊗  (4) 
 
where g(ξ, η) is the impulse response of coherent optical 
system at distance d′. 
 To reconstruct the real image of the particles, the re-
construction wave should be an exact replica of the com-
plex conjugate of the reference wave (R′ = R*). Figure 3 
shows the amplitude images at reconstruction distances of 
64 and 68 mm using the CV method. When the recon-
struction distance was changed to the second plane of the 
object, the object plane at the first distance is defocused 
and disappeared in the reconstructed hologram. This  
is done using a single recorded hologram. In the recon-
structed image the bright background is because of the  
direct wave, and the out-of-focus images of particles  
appear as hollow circles in the reconstructed images. Also, 
at the reconstruction distance d′ = d, the amplitude of the 
 
 

 
 

Figure 2. Coordinate system for recording and reconstruction of  
digital hologram. 

wavefront is a maximum. Since the pixel size of the re-
constructed image remains constant with reconstruction 
distance and is equal to the pixel size of the CCD sensor, 
the size of the objects can be determined numerically by 
counting the number of pixels of the reconstructed images. 
 However, contributions from the reference wave and 
the conjugate image wave degrade the quality of the re-
constructed image. In addition, for a 3D distribution of 
particles, the defocused images of particles lying outside 
the focus plane also appear in the final reconstructed image. 
A method to improve the quality of reconstructed images 
by sectioning of amplitude images has already been pro-
posed26. The same approach has been extended for particle 
imaging in 3D. 
 Digital particle holographic system was compared with 
conventional optical microscopic system. Copolymer  
micro-spheres of size about 8–10 μm were stuck on a thin 
glass side. The optical microscopic image of the distribu-
tion of particles on the slide is shown in Figure 4 a; the 
magnification of the optical microscope was 10X. Digital 
in-line hologram of same particle field distribution was 
recorded, and the numerically reconstructed amplitude  
image of the particle field is shown in Figure 4 b. The  
effect of out-of-focus twin image appears as circular 
fringes, which are significantly smaller. The amplitude 
image by digital particle holography shows a good com-
parison with the optical microscopic image. 
 Digital focusing method developed to reconstruct the 
amplitude images has been extended to particle imaging  
 

 
 

Figure 3. Numerically reconstructed amplitude images of particles 
(a) front side and (b) backside of the glass plate. 
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in 3D. To show the capability of DH for 3D imaging of 
micro-particles, two thin glass slides were placed at 440 μm 
apart. Micro-particles of size about 8–10 μm were put on  
 
 

 
 

Figure 4. a, Optical microscopic image. b, Reconstructed digital 
holographic amplitude image. 

 
 

 
 

Figure 5. a, Micro-particles placed in two different planes. b, Optical 
microscope images of micro-particles on (i) slide 1, and (ii) slide 2. c, 
Numerically reconstructed images of micro-particles on (i) slide 1, and 
(ii) slide 2. 

both the slides, as shown in Figure 5 a. The optical micro-
scopic images of the particles on both the slides are 
shown in Figure 5 b. The two images were recorded by 
mechanical focusing of the microscopic objective on each 
slide. 
 The same slides were put into the in-line DH set-up as 
explained earlier and a single hologram was recorded  
using the CCD sensor. This recorded hologram contains all 
the information that is required to reconstruct the whole 
3D image of particles. The numerically focused images 
on the corresponding planes are shown in Figure 5 c. The 
advantage with DH is that a single hologram can provide 
all 3D sections of the particle images. It can be clearly 
seen that all the particles which are visible in the optical 
microscopic images are clearly resolved in numerical  
reconstruction. Thus a single hologram provides the high-
resolution images of particles in whole 3D volume. How-
ever, in conventional optical microscopy many images 
have to be recorded for particles in as many planes. 
 Particle analysis using collimated wave DH is limited 
for the study of larger size of particles, along with signifi-
cantly large depth of focus. The pixel size of available 
CCD sensor restricts the resolution of the system, and 
limited numerical aperture results in poor depth resolution. 
To improve the in-line digital holographic system capa-
bility, lensless digital holographic microscopy (LDHM)27,28 
system has been explored for micro-particles analysis. 
 The experimental arrangement for digital in-line LDHM 
is shown in Figure 6. Micro-particles imaging in 3D was 
performed using the LDHM system. The capability of the 
system has been explored for the measurement of loca-
tion and size of micro-particles in 3D. Copolymer micro-
spheres of size 8–10 μm have been studied using LDHM. 
The particles were flowing in water contained in a cuvette 
of size 10 × 10 mm. CW laser beam of wavelength 
0.405 μm was expanded using a microscope objective of 
60X and the sample was placed in the path of the highly 
diverging, spatially filtered beam coming out of the pin-
hole. 
 The hologram of the particle system was recorded  
using the CCD sensor of 4.65 × 4.65 μm pixel size. The 
CCD sensor was placed at the distance of 35 mm from 
the pinhole and the sample was placed in between. The  
recorded hologram was stored in the computer and the 
numerical reconstruction process was performed using 
 
 

 
 

Figure 6. Experimental set-up for digital in-line holographic particle 
imaging. 
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converging reference wave. The reconstructed amplitude 
images of the particle field at distances 22.55 and 23.1 mm 
from the hologram plane are shown in Figure 7 a and b 
respectively. Reconstruction of the hologram was per-
formed by subtracting the reference wave (without  
sample) from the hologram. This kind of hologram pre-
processing is used to suppress the zero-order term. The 
use of highly diverging wave3 improves the system reso-
lution in 3D. 
 Let us consider depth measurement using Z profile. 
Here the depth of focus of the system depends on the sys-
tem NA and is defined as, Δz ≥ λ/2 (NA)2. The depth loca-
tion of the particle in 3D space can be identified by using 
the average intensity value of the pixels displaying the 
particle amplitude image. The position where the inten-
sity value becomes maximum represents the particle posi-
tion in 3D. The average intensity depth profile of the 
encircled particle in Figure 7 a is shown in Figure 8. The 
intensity plot of particle image along depth was used to 
calculate the location of the particle. In the present  
experiment the intensity peak shows the depth resolution 
about five times the particle diameter. Thus the LDHM 
system is a better option for the study of smaller size parti-
cles with higher depth resolution compared to collimated 
wave geometry, because of larger NA. 
 To determine the size of the particles, the intensity value 
of the reconstructing pixels can be used for measurements 
along X and Y directions. The particle shown in Figure 
7 a is considered for the size measurement. The intensity 
profile is along the X and Y directions are shown in Fig-
ure 9 a and b respectively. The size of the particle can be  
determined by calculating the number of pixels, and multi-
plying the reconstructed pixel size by the number of  
pixels obtained from the peak of the curve. 
 The effect of magnification of the particles considered 
in different locations in 3D can change the number of re-
constructed pixels showing the particle image. This effect 
can be seen in Figure 10, which shows the X and Y pro-
files of the particle 1 of Figure 7 b. It can be clearly seen 
that the number of pixels is larger in comparison to Figure 
9. Thus incorporation of magnification effect along with  
 
 

 
 

Figure 7. Reconstructed intensity images showing micro-particle 
field distribution in different planes. 

pixel size is required for the study of size-distribution 
analysis from reconstructed images at different depths. 
 Dynamic analysis of micro-particles was performed  
using LDHM. To study the dynamics of micro-particles 
flowing in any fluid or gas medium, first the sequence of 
holograms has to be recorded corresponding to the dy-
namic changes. The reconstruction process is then per-
formed to analyse the particle field. One simple method is 
to reconstruct the holograms at different depths and visu-
alize the particle behaviour corresponding to different 
frames. Two methodologies are presented here for the 
dynamic micro-particles analysis. The experiment has 
been performed with polymer spheres suspended in water 
held in a cuvette. Three holograms were recorded at an 
interval of 1 s each using the CCD sensor. The holograms 
were then reconstructed for dynamic analysis of the parti-
cles in 3D. 
 The dynamic analysis in 3D by holograms addition, the 
recorded holograms were added first and then the recon-
struction process was performed. The dynamic behaviour 
of particles can be studied during the reconstruction of 
the final hologram (addition of holograms). To explain 
this method, three holograms were recorded of the micro-
spheres flowing in water. The experimental arrangement 
shown in Figure 6 was used for the recording process. 
The reconstructed images of the particles corresponding 
to each hologram (recorded at an interval 1 s each) are 
shown in Figure 11 a–c respectively (reconstruction  
distance is 21.79 mm). Two micro-spheres can be seen in 
each figure, and their pixel positions have been changed 
in each frame representing the dynamic flow. The  
recorded holograms were added first and then the recon-
struction performed for the sum of the holograms. The 
reconstructed image of the added holograms is shown in 
Figure 11 d. The reconstructed particle image can be seen 
in a single reconstructed frame, which clearly shows the 
dynamic behaviour of the particle motion. 
 

 
 

Figure 8. Average intensity of particle along reconstruction depth. 
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Figure 9. Intensity profile of the particle in Figure 7a along (a) X-direction and (b) Y-direction. 
 

 

 
 

Figure 10. Intensity profile of particle 1 of Figure 7b along (a) X-direction and (b) Y-direction. 
 
 

 
 

Figure 11. a–c, Reconstruction of holograms of moving particles in a 
plane. d, Addition of holograms prior to reconstruction provides motion 
in a single reconstruction frame. 

 
 

Figure 12. Analysis of dynamic particles by addition of holograms: 
(a) 19.43 mm, (b) 20.83 mm, (c) 21.45 mm and (d) 21.56 mm. 
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 Addition of holograms prior to reconstruction can also 
provide the whole 3D field reconstruction of moving par-
ticles. This is also shown in Figure 12, where three holo-
grams of the particle 3D distribution have recorded and 
added. The reconstruction in four different planes are 
shown in Figure 12 a–d, corresponding to the reconstruc-
tion distance 19.43 mm, 20.83, 21.45 and 21.56 mm res-
pectively. The in-focus set of particles in the corresponding 
plane are highlighted. The displacement between the 
pixel positions of the particle can be used to study the  
velocity component in the corresponding plane. The dis-
placement components in different planes show the flow 
behaviour of particles in different planes. The main dis-
advantage with the addition of hologram prior to recon-
struction is the increase in noise in the reconstructed 
images. The noise level increases with increasing the 
number of holograms added. Thus for larger number of 
holograms or higher particle density, the noise increases 
significantly and thus a suitable numerical method has to 
be developed for the reduction of cumulative noise.  
 In conclusion, holograms of particles in different planes 
were digitally reconstructed using a single hologram. The 
method was extended to image the micro-particles along 
the depth of focus. This method is most effective for 3D 
particle analysis, particularly in flow fields because of the 
small depth of focus. For DH, the depth of focus depends 
on the particle size among other parameters, and hence 
this approach is best suited for the analysis of very small 
particles and low density in volume such as hypersonic 
shock tunnels. It has been shown that the digital holo-
graphic amplitude image of particles compares well with 
that of optical microscopic image. The LDHM system has 
been explored for its application in micro-particles analysis 
in 3D. Two methodologies have been developed for  
3D dynamic analysis of micro-particles which can be 
used for particle size measurement, location with impro-
ved dynamic visualization and also for velocity measure-
ments. 
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