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In digital holographic microscopy (DHM) achieving phase sensitivity is significant, which plays a major role in deciding 
the accuracy of the system. Our study elucidates the achievement of axial sub-nanometer precision with improvement in 
net phase sensitivity by instantaneous use of phase reference and temporal averaging techniques in DHM. To enhance 
the spatial resolution we implemented a synthetic aperture (SA) DHM system. The use of spectrum normalization 
method in SA-DHM system has helped to increase the spatial resolution and the phase sensitivity of the system. We also 
demonstrated the 3D imaging method based on sectional imaging technique to measure the refractive index variation 
between the spliced end of single mode fiber and the polarization maintaining fiber with digital holographic microscopy 
and tomography system (DHMT).© Anita Publications. All rights reserved. 
Keywords: Digital holographic microscopy (DHM), Spatial resolution, Phase sensitivity, Tomography system.

1 Introduction

 Digital holography (DH) [1] is an imaging method based on interference principle, in which the 
object wave is superimposed with the reference wave and the output image is recorded as a hologram, a 
numerical reconstruction algorithm [2] is used to reconstruct the object information. Holography system 
consists of a laser source, interferometer and a camera to capture the hologram. In general, the interferometer 
configurations used are Michelson or Mach-Zehnder interferometer but the most commonly used method is 
Mach-Zehnder interferometer configuration. Then DH evolved a new era in imaging method by introducing 
microscope objective into its optical path and the system is renamed as digital holographic microscopy 
(DHM) system with numerous applications [4-5]. In DHM system, obtaining a high phase sensitivity is more 
important to achieve a high precision system [6-7]. There are many proposed reconstruction methods [2-3] 
but only few studies are done to quantify the quality and phase accuracy towards the reconstructed images. 
Recent study [8-10] shows that the maximum phase accuracy can be achieved by eliminating the shot-noise 
effect induced by the image sensor. In this study we have improved the net phase accuracy of the DHM 
system by using spatial and temporal averaging technique. Then a synthetic aperture digital holographic 
microscopy (SA-DHM) is developed to enhance the spatial resolution of the system. SA-DHM system 
records consecutive holograms at different incident angles and the holograms are synthesized to produce 
a high quality image of the object [11-12] . This method will enhance the lateral and axial resolutions of 
the system [13-14]. Digital holographic microscopy is a highly effective method [13-16] especially in the 
field of topography and morphology measurements of transparent or reflective objects such as micro-optical 
elements, micro-electromechanical (MEMS) devices, and biological cells [17]. The recent trend in DH is to 
develop a high quality tomographic imaging system [18]. This tomography system can provide a quantitative 
phase measurements, in which the refractive index and thickness of the sample can be assessed [19]. There 
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are several proposed tomographic imaging methods exists based on DH but there are two common optical 
configuration are followed which is either by sample rotation [20] or by beam rotation method [21]. It is hard 
to follow the sample rotation type method for any liquid or biological specimen as it would get disturbed while 
rotating. So we also developed a novel experimental architecture to study the refractive index distribution 
inside the specimen.
 This paper has various sections. In first it talks about the principle of digital holographic microscopy 
system, second part will describe the phase accuracy measurement in DHM system based on spatial and 
temporal averaging method. Third part will discuss about the enhancement of spatial resolution in synthetic 
aperture digital holographic microscopy system by spectrum normalization method. Final part will talk about 
the development of tomographic imaging system based on coaxial rotation method.

2 Digital holographic microscopy (DHM)

 In conventional microscopy system the projected image of the object will be recorded directly, 
on the other hand digital holographic microscopy record it as a hologram and a numerical reconstruction 
algorithm leads to obtain a quantitative phase contrast image. The basic DHM setup consists of a coherent 
laser source, interferometer setup, digitizing (e.g. a CMOS or CCD) camera and a computational device. 
Typical interferometer used is Mach-Zehnder interferometer configuration. Optical layout of a conventional 
DHM experimental setup is shown in Fig 1.

Fig 1. Schematic of digital holographic microscopy system.

 The coherent laser beam is divided into object beam (O) and reference beam (R) by a beam splitter. 
Both O and R traces a different optical path but with a same propagation distance. The microscope objective 
is introduced in the object beam’s path which produces a magnified image of the sample. Then the reference 
wave is superimposed with the object wave by a beam splitter with a considerable amount of tilt angle against 
the object wave to generate off-axis hologram which is recorded by a CCD camera. After recording, the 
reconstruction can be done either by experimentally or by computationally. There are several computational 
methods are available to reconstruct the recorded hologram but the most commonly used one is angular 
spectrum method (ASM) [2-3] because of its effective computation with highest degree in accuracy. The 
angular spectrum method is expressed as,

 U(x,y;z) = ∫ ∫ U (kx,ky;z) exp [i(kx x + ky y)]dkx,dky

  = F –1{filter[F{Ui}]exp [i kz z]} (2.1)

where Ui is the complex object information. 
 The angular spectrum U (kx, ky; z) is expressed as,

 U(kx, ky; z) = U~(kx, ky; 0) exp[i kz z]  (2.2)
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where Ui is the complex object information, U~(kx, ky; 0) is angular spectrum at z = 0 and kz = √ (k2 − kx
2 − ky

2) 
where kx and ky are corresponding spatial frequencies along x and y axis, respectively. 
 ASM is used to eliminate the zero order and twin image disturbance, which also eliminates the 
minimum distance requirement along z-axis. With this algorithm the next section will elaborate the techniques 
for the accurate phase measurement in DHM system.

3 Phase measurement accuracy in DHM

3.1 Experimental Description
 The schematic of the phase measurement setup in digital holographic microscopy system is shown 
in Fig 2(a). The laser diode with a center wavelength of 659 nm is used and it can be operated either in 
single or multi-mode by combining a reflective volume holographic grating (VHG) [15] and a current-
driven temperature controller (CTC). It has a spectral bandwidth of 0.07 nm at single mode and 0.68 nm at 
multimode operation with an output power of 35 mW.  By switching from single mode to multi-mode within 
a source will avoid the disturbances in spatial intensity distribution, optical alignment mismatch and also the 
optical beam traces the same path for both the configurations. The spectral response of a single mode (Fig 
1.b) and a multi-mode (Fig 1.c) operation is shown.
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Figure 2. (a) Schematic of phase measurement setup of digital holographic microscopy using a 
wavelength-stabilized laser operated in (b) single-mode and (c) multi-mode. 

The laser beam is split into two by beam splitter (BS1), a part of the beam is coupled into a fiber 

collimator and the spectral behavior is recorded by using optical spectrum analyzer (OSA) (Anritsu 

MS9710C). The spectral resolution of the OSA was limited to 0.07 nm. The CTC is adjusted in order 

to choose the operation mode of the laser diode in a DHM system for the coherent illumination. The 

other part of the beam is used as the input to the off-axis Mach-Zehnder interferometer configuration. 

In the object arm a microscope objective with a magnification of 40! is used to magnify the specimen. 

And it is superimposed with the reference wave by a BS3 with a tilt angle against the object wave to 

produce the off-axis hologram and it is recorded by a CCD (1,392!1,040 pixel size, 6.45!6.45 µm2 

pixel pitch). To avoid the shot noise domination a part of beam from BS3 is monitored by the power 

meter which will identify and maintain the constant number (approximately 18,000 photons=pixel) of 

photons falls on the CCD to achieve the phase accuracy at its most [13]. 

3.2.! Measurement method 

To eliminate the phase fluctuations from CCD and Laser diode, a several holograms {P1, P2. . . PN} 

are recorded without specimen. Then by estimating the average of the recorded hologram and set this 

to be phase reference hologram Pr, which need to subtracted from the hologram recorded with the 

specimen to eliminate the spatial phase fluctuation from the optical element and also the shot noise 

effect of the CCD. 

The resulting phase image after phase referencing is expressed as 

DEF ( GH C GI#'''2 ( J# KL # M (3.1) 

Fig 2. (a) Schematic of phase measurement setup of digital holographic microscopy using a wavelength-
stabilized laser operated in (b) single-mode and (c) multi-mode.

 The laser beam is split into two by beam splitter (BS1), a part of the beam is coupled into a 
fiber collimator and the spectral behavior is recorded by using optical spectrum analyzer (OSA) (Anritsu 
MS9710C). The spectral resolution of the OSA was limited to 0.07 nm. The CTC is adjusted in order to 
choose the operation mode of the laser diode in a DHM system for the coherent illumination. The other 
part of the beam BS1 is used as the input to the off-axis Mach-Zehnder interferometer configuration. In the 
object arm a microscope objective with a magnification of 40× is used to magnify the specimen. An angled 
reference wave is superimposed with object wave at BS3 to generate a hologram and the same is recorded 
by a CCD (1,392×1,040 pixel size, (6.45×6.45) μm2 pixel pitch). To avoid shot noise domination a part of 
the optical beam from BS3 is monitored by a power meter which helps to maintain the constant number of 
photons (18,000 photons/pixel approx) falls on the CCD to obtain high phase accuracy [13].
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3.2 Measurement method
 To eliminate the phase fluctuations from CCD and Laser diode,  several holograms {P1, P2. . . PN} 
are recorded without specimen. From the recorded holograms, an average is estimated and set this to be a 
phase reference (Pr) which will be subtracted from object hologram. This will effectively reduce the spatial 
fluctuation from the optical elements and the shot noise dominations from the CCD.
 The resulting phase image after phase referencing is expressed as

 Psa = Pi − Pr, i = 2,3, …, N  (3.1)

 Now constant phase level is achieved but no correction in temporal phase fluctuations are involved. 
To correct the random fluctuations of the laser diode, temporal averaging technique is applied and can be 
expressed as:

 Pta = 
∑N

i = 1(Pi – Pr)
N = 1

, i = 2,3, …, N (3.2)

 By applying phase referencing and temporal averaging technique, the net phase accuracy is improved 
and the axial resolution can be determined with the known refractive index and the wavelength of the source. 
For better understanding the axial accuracy is expressed in relation to the axial resolution of optical path 
length.

3.3 Results and Discussion
 We have achieved a sub-nanometer level phase accuracy measurement system. The measurement 
results in Fig 3 indicate that the step height before phase referencing (measured about 86.5 nm ± 6.1 nm) and 
after phase referencing (measured about 84.4 nm ± 1.2 nm), the phase sensitivity of the system is increased. 
The efficient DHM system will not only focus on the phase accuracy but also the other two important 
parameters such as lateral and axial resolutions of the system to achieve a better quality image. The next 
section will discuss about the achievement of lateral and axial resolutions with super resolution synthetic 
aperture digital holographic microscopy system. 

    
          (a)        (b)

Fig 3. Experimental results of calibrated step height standard (a) before phase referencing (b) after phase 
referencing technique.
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4 Super resolution synthetic - aperture digital holographic microscopy system

4.1 Principle and experimental method
 We modified the optical design and implemented a spectrum normalization method to achieve a super 
resolution with the synthetic aperture digital holographic microscopy (SA-DHM) system. The experimental 
set up consists of an extra component a galvo- mirror in the object arm to produce  different incident angles 
on the specimen, then it will be superimposed with the reference wave to generate a hologram which will be 
recorded by CCD. The schematic of synthetic aperture digital holographic microscopy system is shown in 
Fig 4.

Fig 4. Schematic of synthetic aperture digital holographic system

 First step in synthetic aperture technique is to record the hologram at different incident angles. 
Fourier transform of the recorded holograms will yield the different frequency bands and the complete 
frequency coverage for image reconstruction is increased by integrating those different frequency bands. The 
overall synthesized spectrum after SA is expressed as:

 USA =  ∑
m = 1

M
∑

n = 1

N
 A(u,v)ejφ(u,v). H(u,v) ⊕ d u + 

am

λ
, v + 

βn

λ     (4.1)
 
 The spatial frequency band is represented as a circular aperture function, H(u,v) = circ(√u2 + v2/ f0), 
f0 is the cutoff frequency at normal incidence, m and n are the number of frequencies to be synthesized, M and 
N are the number of exposures for the hologram recording. To perform spectrum normalization, an inverse 
apodization window function is created and applied to reduce the excessive frequency overlapping along the 
scanning direction.

(a)
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(b)
Fig 5. Experimental results of SH-SY5Y living cell (a) wide-filed super-resolved phase image 
and (b) ROI of neurite before and after SA.

4.2. Results and Discussion
 We have extended the lateral and axial resolutions of the system with super resolution synthetic 
aperture digital holographic microscopy (SA-DHM) system. Using a coherent light system, the ideal 
experimental resolution for this system is 0.4 μm, whereas this is increased by twice using the super resolution 
SA-DHM system which is about 0.2 μm. The phase variations is approximately measured as 0.13 rad (for 
hologram N = 450) and 0.15 rad (for hologram N = 35). The experimental results showed that the synthetic 
spectrum normalization method could substantially reach high phase sensitivity using only a few numbers 
of holograms (N = 35). Figure 5 shows the wide-field capability of SA-DHM with motorized x-y stage and 
the organelle in neurite can be clearly observed after synthetic aperture. With modification in optical design 
SA-DHM system, a tomographic imaging system is developed to generate the three dimensional (3D) image 
of the specimen. The next section has analyzed more in detail to generate the 3D image of the specimen. 

5 Tomographic imaging using digital holographic microscopy system

 Tomographic method is used to generate a three dimensional (3D) image of the specimen. In general, 
there are two common methods that  are followed to generate the 3D image of the specimen. First one is 
by beam rotation method, the optical set up is quite same as shown in the Fig 6 which has a Mach–Zehnder 
interferometer with a galvo-mirror in the object arm and a CMOS sensor is used to record the hologram. 
The galvo- mirror will steer the optical beam at different incident angles. The drawback of the beam rotation 
method is that the system resolution is limited by the numerical aperture of objective lens used but the 
specimen will remain undisturbed. Second one is by specimen rotation method, there is no limitation here 
as like in the beam rotation method, here the specimen can even rotate at 360° to get the complete 3D 
information of it but there might be a chance where the specimen can gets disturbed. 
5.1 Tomographic imaging by coaxial rotation method
5.1.1 Principle and experimental method
 By considering the merits of beam rotation method and by implementing few changes in optical 
configuration we developed a new experimental approach based on beam rotation method to acquire entire 
3D information of the specimen and this method is known as coaxial rotation method. The diagrammatic 
explanation of the coaxial rotation method is shown in Fig 6. The incident beam and the CCD sensor are lined 
up linearly and it can be rotated around the specimen simultaneously. Consider the refractive index of the 
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specimen and the surrounding medium as ns and nm, respectively. The spatial resolution of the reconstructed 
image is explained in Ref [19]. The maximum lateral and axial resolutions is related with the wave vector (k), 
incident angle (θi) and the numerical aperture (NA) of the objective used.

(a)

(b)
Fig 6. (a) Working principle of coaxial rotation digital holographic microscopy and tomography 
method and (b) frequency distribution in 2D

 The complete axial cutoff frequency coverage in both positive (fP) and the negative (fN) directions is 
expressed as:

 

k NA 
sin(θi – β)

cosβ
 + 1– cos2θi + 

2
cosβ sin(θx – β)cosθi + 

sin2θi
cos2β 

 
k NA
cosβ sin(θi – β),   for 90° ≤ θi  ≤ (β + 90°)

fP =

  

(5.1)

 fN  = 
k NA
cosβ  sin(θi – β) (5.2)
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 From Fig 6 (b), it is clear that the rotation angle is directly proportional to the axial and lateral 
resolutions of the system. The schematic of the coaxial rotation digital holographic microscopy and 
tomography experimental setup is shown in Fig 7.

Fig 7. Schematic of coaxial rotation digital holographic microscopy and tomography system

 The experimental system consists of He-Ne laser source (632.8 nm), fiber coupler, Mach-Zehnder 
interferometer (MZI) and a CMOS camera which has (1,280×1,024) pixels with a pitch of (5.2×5.2) μm2. 
The laser source is split into two by a fiber coupler, a part of the beam is passed through the fixed specimen 
container and it is superimposed with the other part of the beam. The corresponding hologram is recorded by 
a CMOS camera. The complete interferometer setup is mounted on a motorized rotational stage to generate 
a hologram information of the specimen at a different incident angles varying from 0° to 360° with 1° step 
angle variation. Enough settling time (1 sec) between each degree is programmed to the rotational stage to 
avoid the mechanical vibrations during the hologram recording.
5.1.2 Results and discussions
 By using this method, we tried to measure the refractive index distribution between the single mode 
(Corning HI 1060) fiber which has approximately 1.464 refractive index with 5 μm core diameter and the 
polarizing maintaining (Corning PANDA PM1550) fiber. Figure 8(a) shows the x-y sectional image of the 
joint in the fused fiber, which is marked as a red dashed line. The refractive index distribution before the fused 
end is shown in Fig 8(b) which corresponds to single mode fiber. The refractive index distribution close to the 
fused end is shown in Fig 8(c) and the refractive index distribution after the fused end is shown in Fig 8(d), 
which corresponds to polarization maintaining fiber and also the panda like structure is observed clearly.

         

Fig 8. Experimental results of the fused fiber structure (a) x-y sectional image, and x-z sectional images at (b)
point 1, (c) point 2, and (d) point 3, of the spatially refractive index distribution inside the fused fiber.
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6 Conclusions

 A sub-nanometer level phase accuracy is achieved by implementing the spatial reference and 
temporal averaging method in digital holographic microscopy system. The spatial resolution and phase 
sensitivity of the system is enhanced by using spectral normalization method for strengthening the high 
frequency information. The experimental results showed that the synthetic aperture spectrum normalization 
method can substantially reach high phase sensitivity using only a few numbers of holograms. A sample 
rotational experimental setup is developed to generate a 3D image by coaxial rotation method. The spatial 
refractive index distribution inside the fiber is analyzed with digital holographic microscopy and tomography 
system based on coaxial rotation method. This technique can be used to generate a high quality 3D image of 
a biological tissues by replacing the existing objective into another objective with high numerical aperture.
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