
Common-path phase-shifting lensless
holographic microscopy

Vicente Micó* and Javier García
Departamento de Óptica, Universitat de Valencia, Doctor Moliner, 50, 46100 Burjassot, Spain

*Corresponding author: vicente.mico@uv.es

Received August 24, 2010; revised October 26, 2010; accepted October 31, 2010;
posted November 2, 2010 (Doc. ID 133628); published November 22, 2010

We present an approach capable of high-NA imaging in a lensless digital in-line holographic microscopy layout
even outside the Gabor’s regime. The method is based on spatial multiplexing at the sample plane, allowing a com-
mon-path interferometric architecture, where two interferometric beams are generated by a spatial light modulator
(SLM) prior to illuminating the sample. The SLM allows phase-shifting interferometry by phase modulation of the
SLM diffracted beam. After proper digital processing, the complex amplitude distribution of the diffracted object
wavefront is recovered and numerically propagated to image the sample. Experimental results are reported that
validate the proposed method. © 2010 Optical Society of America
OCIS codes: 050.5080, 070.7345, 090.1995, 100.2000, 110.0180.

Digital in-line holographic microscopy (DIHM) [1,2] sup-
poses a modern realization of the original idea proposed
by Gabor in 1949 [3], where an imaging wave caused by
diffraction at the sample plane interferes with a reference
wave incoming from the nondiffracted light passing
through the sample and the result is recorded by an elec-
tronic imaging device (typically aCCD).When the imaging
wave can be considered as a perturbation of the reference
wave (weak diffraction assumption), holography rules the
process and the imaging wave is recovered by using clas-
sical reconstruction holographic tools applied in the digi-
tal domain. Otherwise (strong diffraction assumption),
the sample excessively blocks the referencewave and dif-
fraction dominates the process, preventing an accurate
image reconstruction. In that sense, several configura-
tions had been proposed over the years in both classical
[4–6] and digital [7–9] modes to circumvent the weak dif-
fractive condition imposed by the Gabor regime.
Recently proposed, a spatial light modulator (SLM)

placed at the Fourier plane of a modified holographic
Gabor-like setup allows dc term modulation (nondif-
fracted light) of the illumination beam [10]. Because the
complex diffracted field is retrieved using a phase-shifting
procedure, the method is applicable not only to weak dif-
fractive objects, as in theGabor approach, but for any type
of samples. However, the need to allocate the SLM be-
tween the object and the CCD limits themaximum achiev-
able resolution. In spite of that, the resolution limit can be
improved by synthetic aperture (SA) generation obtained
by CCD shift at the recording plane [11]. Resolution im-
provement in DIHM to reach high-NA values (within the
0.45–0.7 range) can be conducted by means of immersion
holography [12], digital processing tools [13], subpixel
shift strategy [14], and SA generation [15].
In this Letter, we report on a novel DIHM architecture

capable of high-NA imaging while extending the applic-
ability of DIHM outside the Gabor condition. The experi-
mental setup is depicted in Fig. 1. A collimated laser beam
is directed to a reflective SLM that displays a phase-profile
lens having the shortest focal length allowed by the
Nyquist sampling criterion for the SLM pixel size. The
SLM-reflected beam has now, for our interest, two contri-
butions: a collimated beam incoming from the zero-order

term and a convergent beam incoming from the first po-
sitive order of the SLM lens. Both beams are directed to-
ward and focused by a high-NA condenser lens, providing
two different laser spots with a given axial separation: the
collimated beam is focused at the image focal point (let us
call it the reference spot), while the convergent beam is
focused a bit prior to that point (let us call it the image
spot). Then, if the object is placed just at the image focal
point of the condenser lens and a clear object region spa-
tially coincideswith the reference spot, that spot plays the
role of reference point source diverging from the plane
containing the object. On the other hand, the image spot
acts as spherical point-divergent illumination over a wide
object area. Such configuration defines a common-path
interferometric digital in-line holographic setup, where
the reference beam is transmitted by spatial multiplexing
at the sample plane. Thus, the proposed setup is based on
a digital lensless Fourier holographic architecture like [9]
but uses an in-line scheme instead of off-axis mode for the
reference beam insertion. For this reason, the real image
term overlaps at the Fourier domain with both the zero-
order and the twin image terms, and a phase-shifting strat-
egy must be implemented to remove the unwanted terms.

The phase-shifting process is performed by adding a
phase step (in the form of a linear phase factor) to the
SLM phase-profile lens, allowing the recording of a set of
in-line hologramswith different phase delays between the
reference and imaging beams and permitting the applica-
tion of a conventional phase-shifting algorithm. Once the
whole set of phase-shifted in-line sample holograms is
stored in the computermemory (recording of the sample),
the digital postprocessing schematized in Fig. 2 is
conducted. Note that the images included in Fig. 2 are

Fig. 1. Experimental setup of the proposed approach.
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experimental results provided by the proposed approach,
where the reference spot coincides with the transparent
square (34:75 μm × 34:75 μm side) of the Groups 6 and 7
of a negative United States Air Force (USAF) resolution
test. First, a conventional phase-shifting algorithm
[10,11,16] recovers the complex amplitude distribution
diffracted by the test. A phase-shifting process over a full
test transparent area (recording of the reference) is also
performed for two reasons. (1) It serves as the preliminary
system calibration to precisely know the axial separation
between the two (reference and image) laser spots since it
is possible to numerically compute a Fresnel zone that ac-
curately matches the one provided by the recording of the
reference. (2) It can be used to minimize noise factors in
the reconstruction process and improve final image qual-
ity. Continuing with our chart (Fig. 2), the second step
computes the ratio between the recovered complex ob-
ject information and the complex distribution incoming
from the recording of the reference just to remove noise

artefacts. Third, a coordinate transformation is applied
to the resulting image to avoid geometric distortion when
recording holograms at high NA (outside paraxial approx-
imation) in DIHM [1,9,12,13]. Fourth, the resulting distri-
bution is numerically propagated to focus the reference
spot, and that spot and its surrounding area is blocked
to improve final image quality. Fifth, the object is imaged
by using digital propagation tools again. The convolution
method applied to the diffraction Rayleigh–Sommerfeld
integral has been used as a numerical propagation
algorithm [10,11,15,16].

In the experimental validation, collimated illumination
(532 nm laser wavelength, 50 mW optical power, 10 mm
beam diameter) impinges onto a reflective SLM (Holoeye
HEO 1080P, 1920 × 1080 pixels, 8 μm pixel pitch) after
reflection in a nonpolarizing beam splitter (BS) cube
(20 mm × 20 mm size). The SLM is connected to a com-
puter where the phase-profile lens is mathematically
modeled as l ¼ expði2πðx2 þ y2Þ=λf Þ, in which ðx; yÞ
are the discretized spatial coordinates, λ is the laser wa-
velength, and f is the focal length. The focal length is set
to a minimum value of 1:35 m, avoiding aliasing at the
SLM peripheral area. A 0:65 NA 40× commercial-grade
microscope objective is used as a condenser lens and
a dismantled (board level) CCD camera (Basler A312f,
582 × 782 pixels, 8:3 μm pixel size) records the images.

A set of 35 in-line holograms compose the full phase-
shifting cycle. Figures 3(a) and 3(b) show one of the
stored in-line holograms in the sample and reference re-
cording cases, respectively, while the whole in-line holo-
gram set is shown in Media 1 and Media 2, respectively.
Figure 3(c) shows the Fourier transformation (FT) of
Fig. 3(a) to clearly show the overlapping between the dif-
ferent hologram orders, while Fig. 3(d) shows the FT of
the complex distribution provided by the phase-shifting
process containing only the real image term. Then, the
resulting distribution is digitally propagated to the refer-
ence spot plane to minimize its contribution from the fi-
nal image reconstruction. Finally, numerical propagation

Fig. 2. Schematic chart of the digital postpropagation for the
proposed common-path phase-shifting DIHM approach.

Fig. 3. In-line hologram example of (a) the USAF test
(Media 1), (b) a transparent area in the test (Media 2), (c)
FT of the hologram depicted in (a), and (d) FT of the resulting
complex distribution provided by the phase-shifting process.
Note that the dc term has been blocked down in (c) and (d)
to enhance image contrast, and no coordinate transformation
is applied to avoid geometrical distortion.
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allows the final sample image. Figures 4(a) and 4(b) de-
pict the images obtained without and with minimizing the
reference spot, which is now passing through the USAF
clear square (8:75 μm × 8:75 μm side) of Groups 8 and 9.
We want to stress that imaging is extremely degraded in
DIHM when using non-Gabor-like objects (mostly black
background) [10]; hence, the images included in Fig. 4
are self sufficient and support the proposed method.
By propagating the resulting sample distribution to its

best imaging plane, we precisely obtain the distance be-
tween the CCD and sample planes (z1). The same proce-
dure is applied for the reference case to determine the
axial separation between the two laser spots (z2). In
our setup, such distances are z1 ¼ 5:77 mm and z2 ¼
0:25 mm, and the layout magnification factor (M ¼
ðz1 þ z2Þ=z2) isM ¼ 24, allowing that a 1 μm pitch object
detail will be properly sampled by the CCD pixel size.
Nevertheless, theM value can be increased by decreasing
z2 or, what is the same, by increasing the SLM lens focal
length. This couldbe the caseof using ahigherNAconden-
ser lens, where z1 must be decreased to adapt the NA de-
fined by the CCD to the condenser lens NA. In that sense,
the resolution provided by the proposedmethod can be as
high as that one defined by the condenser lensNA, and the
z2 distancecanbeproperlymatched toprovide thecorrect
M value. Inourcase, thenumberandsizeof theCCDpixels
and the z1 distance define an NA of around 0.40 for the
shorter and 0.50 for the larger CCD directions and, conse-
quently, 1.33 and 1:06 μm resolution limits, respectively.
Those values are enough to resolve the smallest details
of the USAF test (1:55 μm pitch, Group 9-Element 3). In
addition, the object field of view (FOV) provided by the
proposed method is 120 μm, approximately, as one can
see from the final reconstructed image width. According
with theoretical specifications, this value is comparable to
that one provided by a 0:55 NA 50× Mitutoyo infinity-
corrected long working distance lens when using a
1=2 in: sensor size. Finally, the proposed method can be
configured for using nonsophisticated high-NA (around

0:8 NA) condenser lenses, such as, for instance, glass
Blu-ray units or aspheric plastic moulded lenses, since
the condenser lens needs to be stigmatic only for a single
focusing spot not for a wide FOV.

In summary, we have reported on a new DIHM config-
uration based on a common-path architecture that
allows complex amplitude sample information recovery
by phase-shifting interferometry. Proof of principle vali-
dation of the method has been experimentally demon-
strated using a negative USAF resolution test, and
analysis of the main system parameters (M value, NA, re-
solution limits, and FOV) has been presented showing an
open layout that can be designed depending on imaging
requirements. The need for a transparent region in the ob-
ject FOV is not a restrictive constraint because a very
small area (comparable to the reference spot size) is
needed in comparisonwith the FOVprovided by themeth-
od. Moreover, it is possible to design a special chamber
containing a clear region acting as a pinhole and place this
around the sample, enabling the application of the pro-
posed method to biomedical specimens outside the weak
diffractive condition imposed by the classical Gabor
approach.
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Fig. 4. Experimental results (a) without and (b) with minimiz-
ing the reference spot in the final reconstruction.
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