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Abstract: We demonstrate in Digital Holographic Microscopy a self-calibration hologram method
allowing aberrations compensation and a real-time biological cell phase recovery by using a single
hologram without adjustment of any parameters.
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1. Introduction

Digital Holographic Microscopy (DHM) is a powerful instrument for real-time phase-contrast imaging since the re-
construction of this phase-contrast can be achieved from a single hologram with the help of parameters adjusted by
fitting procedures [1] or substraction of a reference phase in the reconstruction plane [2]. Furthermore, the digital
approach allows parasitic interferences suppression [3], compensation for spherical aberration [4], astigmatism [5]
among others. These numerical procedures allow to recover quantitative visualization of living cells with subwave-
length axial accuracy [6], but need most of the time parameters adjustment [1] or a reference hologram acquisi-
tion [2].

In this paper, we present a simple method called Self-Reference Conjugated Hologram (Self-RCH), inspired by
the works of Upatniekset al. [7] and Wardet al. [8], that allows a calibration of the DHM setup by compensating for
the phase aberrations and image distortion without iterative procedures or parameters adjustment. We show that the
Self-RCH method allows to reconstruct a non-aberrated wavefront in term of amplitude and phase from this holo-
gram. We demonstrate the method by a real-time phase reconstruction of the motion of Trypanosoma Brucei.

2. Principle

Figure 1 presents typical DHM setups in transmission configurations. The architecture is based on a modified Mach-
Zehnder interferometer. A MO, collecting the wave transmitted through or reflected by the specimen, produces an
object waveO forming a magnified image of the specimen behind the CCD camera at a distanced ∼= 5 cm. A lens or
a similar MO [9] could be introduced in the reference arm (RL) to produce a spherical reference waveR in the CCD
with a curvature plane very similar to the curvature induced by the MO.

The interference between the reference and object waves produces at the exit of the interferometer the hologram
digitalized by the CCD camera:

IH(k, l) = (R + O)(R + O)∗ = |R|2 + |O|2 + R∗O + RO∗, (1)

wherek,l are integers. The two first terms form the zero-order term, the third and fourth terms are respectively the
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Fig. 1: Transmission digital holographic microscope.O object wave;R reference wave; BS beam splitter; M1, M2 mirrors; MO microscope
objective, RL lens in the reference wave, OC condenser in the object wave. (b) Detail of the off-axis geometry.

virtual and real image terms. Example of hologram and its respective spectrum (the zero-order term is already fil-
tered) are presented in Fig. 2.
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Fig. 2: (a) 256x256 pixels area of a 512x512 hologram of Trypanosoma Brucei; (b) spectrum and detail of virtual image frequencies on the upper
right; the big circle (radius 80 pixels) delimits the frequency for the sample hologram and the small one (radius 10 pixels) the filtering for

Self-RCH.

Usually, the reference waveR and object waveO are assumed to be plane or spherical waves. We assume here
that the reference wave is non-aberrated as in Refs. [7, 8] and define more generally the object wave by introducing
a phase aberration termWO to a plane object wave (the same reasoning can be done with a spherical wave). Finally,
we assume that the specimen does not introduce further phase aberrations but only a phase delayϕ(x, y) coming
from a refractive index or/and thickness difference. The waves can also be written as:

R(x, y) = |R| · exp [i(kxx + kyy)] , (2)

O(x, y) = |O(x, y)| exp [iϕ(x, y)] · exp [iWO(x, y)] , (3)

wherekx, ky define the direction propagation associated to the angleθ defined in Fig. 1(b).
The reconstructed wavefrontΨ of the virtual image is computed by multiplying the filtered digital hologramIF

H

[Fig. 2(b) with large circle] [3]

IF
H = R∗O = |R||O| exp [−i(kxx + kyy)] exp [i(ϕ + WO)] , (4)

by a digital reference waveRD = exp [i(kxk∆x + kyl∆y)] and by computing numerically the wave front at a dis-
tanced. Let us replaceRD by a more general complex numbers arrayΓH

RCH . The reconstructed wavefront expressed
in convolution formulation is therefore

Ψ(m,n) = A ·DFT−1
{
DFT

[
ΓH

RCH(k, l)IF
H(k, l)

] · exp
[−iπλd(ν2

k + ν2
l )

]}
. (5)

where, DFT is the Discrete Fourier Transform;m, n, k, l are integers (−N/2 < m, n, k, l ≤ N/2); d, the reconstruc-
tion distance;A = exp(i2πd/λ)/(iλd); λ, the wavelength;νk = k/(N∆x), νl = l/(N∆y) are the coordinates in
the spatial frequencies.

Equations 4 and 5 show that the termWO is propagated in the reconstruction plane. The goal of our method is to
compensate for the aberrations in the hologram plane with the introducedΓH

RCH array defined as a Self-Reference



Conjugated Hologram as follows. Let us assume that the object is quite smooth as a biological cell. Because the
information of the details of the sample have higher frequencies than the aberrations (contained in the central fre-
quency), we compute the self-reference hologramIR,F

H by filtering strongly the spectrum to keep only the central
frequency of the virtual image [small circle of 10 pixels radius in Fig. 2(b)]. This self-reference hologram is also
written:

IR,F
H = R∗O = |R||O| exp [−i(kxx + kyy)] exp [iWO] . (6)

ΓH
RCH is defined as the conjugated phase of Eq. 6:

ΓH
RCH(m,n) = arg

[
IR,F∗
H

]
= exp [i(kxx + kyy)] exp [−iWO] . (7)

The multiplication ofΓH
RCH with the specimen hologram (Eq. 4) gives:

ΓH
RCH(m,n) · IF

H = |R||O| exp [iϕ(x, y)] . (8)

Equation 5 is therefore a propagation of a plane wave without aberrations terms.
Figure 3 presents frames of a movie of 3D plot of phase images, reconstructed from a sequence of holograms

recorded at 20 frames per second. The noise level around the specimen is evaluated by computing a standard devi-
ation of 2.7 degrees, the phase delay introduced by the specimen have a maximum of 25 degrees. We see clearly the
movement of the two cells.
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Fig. 3: Phase reconstruction of Trypanosoma Brucei by Self-RCH method during time; (a) t=0 ms (b) t=50 ms and (c)100 ms

3. Conclusion

We present in this paper a simple calibration method called Self-Reference Conjugated Hologram that allows from a
single hologram acquisition the phase recovery of biological cell without parameters adjustment. A noise level less
than 3 degrees was demonstrated for the phase reconstruction sequence. Furthermore this technique compensate for
the aberrations and would allow to reduce the the cost of the setup by using low cost optics presenting aberrations.
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