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1. Introduction
Digital holography is an emerging technique that utilizes
modern technology to implement in convenient and of-
ten useful ways, ideas that had been proposed during
the early days of holography[1,2]. A successful example
of this development takes advantage of the availability
of high-resolution imaging detectors (charge-coupled de-
vice (CCD) or complementary metal-oxide semiconduc-
tor (CMOS) chips) to record the hologram, and of deep
digital memory and powerful processing algorithms to
reconstruct and manipulate the holographic data[3]. The
application of digital holography to microscopy has the
distinct advantage that it gives access to a quantita-
tive measure of the phase of the object[4,5]. The phase
information is invaluable for characterizing changes of
thickness, density, or refractive indices in unstained liv-
ing cells, for example. However, one limitation of digi-
tal holographic microscopy is that it requires recording
the interference of the light scattered by the specimen
with a mutually coherent reference beam[6−11]. This need
for spatial and temporal coherence prohibits the holo-
graphic recording of incoherently scattered fields such
as from fluorescent specimens. Yet fluorescence has be-
come an essential tool in modern biological research.
It is also an important diagnostic tool in other fields
of micro and nano sciences. Scanning holographic mi-
croscopy overcomes this limitation by using a two-pupil
interaction method[12] that shifts the phase information
needed to capture a hologram from the spatial domain
to the temporal domain[13,14]. The drawback is that a
two-dimensional (2D) scan with a temporally modulated
three-dimensional (3D) interference pattern is required to
realize the spatial-to-temporal transformation. The pat-
tern is usually a Fresnel pattern obtained with a point
and a spherical wave as pupils. It should be mentioned
that a scanless incoherent digital holographic method has
recently been developed[15]. It has been shown that scan-
ning holographic microscopy offers a number of benefits
in addition to being able to capture the 3D holographic
information of incoherently scattering specimens. Per-
haps the most significant benefit is that scanning holog-

raphy can operate in an incoherent mode or a coherent
mode simply by varying the detector size[16]. The incoher-
ent mode uses a spatially integrating detector and leads
to a hologram of the 3D incoherently scattered inten-
sity of the specimen (for example the 3D distribution of
fluorophores)[17,18]. The coherent mode uses a pinhole de-
tector placed on axis in the conjugate image plane of the
point pupil, and leads to a hologram of the complex am-
plitude of the specimen from which quantitative phase
information can be measured[19]. An equally significant
attribute of scanning holography is that it can operate
either in a holographic mode or in an axially sectioning
tomographic mode by varying the size of the source[20].
With a spatially coherent (point) source, the fringes of
the scanning interference pattern are not spatially lo-
calized, and the entire 3D scattering distribution of the
object is recorded holographically. With a broad, spa-
tially incoherent source filling the pupil of the objective,
the interference fringes are axially localized in the focal
plane of the objective, and the collected modulated signal
represents the hologram of a single tomographic section
through the specimen. Firstly, the method of scanning
holographic microscopy is briefly reviewed. Various ex-
amples illustrating the versatility and possibility of the
method are then discussed. Finally, a brief summary and
mention of future prospects concludes the paper.

2. Holographic modes
Scanning holographic microscopy has been described in

several papers and books[16,21]. The main idea is to cre-
ate a spatially structured interference pattern, modulate
it in time, and scan it in a 2D raster over the speci-
men. In its simplest implementation, which leads to the
recording of an in-line single-sideband Gabor hologram,
the interference of a plane wave and a spherical wave
matching the numerical aperture (NA) of the objective
is used to produce a Fresnel zone interference pattern
(FZP)[22,23]. The temporal modulation needed to shift
the holographic phase from the spatial to the temporal
domain is achieved by shifting the frequency of one of the
interfering waves using an acousto-optic or an electro-
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optic device. A generic setup is sketched in Fig. 1. The
beam from a laser is split into two parts. One part is
frequency shifted by an electro-optic phase modulator
driven by a saw-tooth waveform. The two beams are
expanded to create two pupil distributions P̃1 and P̃2

(here they are a point source and a spherical wave), and
are recombined collinearly by a beam splitter (BS). The
two superposed beams are projected through the afocal
system formed by lenses L1 and L2 onto the pupil of the
objective. The dynamic interference pattern, reduced
in size by the afocal system formed by lens L2 and the
objective, is projected through the objective on the spec-
imen. The specimen is scanned in a 2D raster. Different
detectors collect the fluorescence and absorbance signal
(incoherent mode), and the amplitude transmittance sig-
nal (coherent mode) as shown. The data corresponding
to each scan line are captured by an analog-to-digital
(A/D) acquisition system and demodulated in Fourier
space. A reference signal is used to realign the initial
phase of each line, and the lines are arranged in a 2D

Fig. 1. Sketch of a generic scanning holographic microscope.
The upper part is a two-wave interferometer combining two
pupil distributions (possibly generated by two spatial light
modulators (SLMs)) with a frequency offset to project a tem-
porally modulated interference pattern through the objective
on the specimen. The pattern is scanned in a 2D raster. The
modulated scattered light is detected in transmission or re-
flection by spatially integrating detectors to obtain incoherent
holograms of the specimen intensity absorbance, reflectance,
and fluorescence. A pinhole detector in a conjugate image
plane of the pupil of the objective gives a coherent hologram
of the complex amplitude transmittance of the specimen from
which quantitative phase information can be measured. Re-
placing the 2-beam interferometer by a Fabry-Perot interfer-
ometer illuminated by an extended spatially incoherent source
provides axially localized fringes and leads to the hologram of
a single axial tomographic section through the specimen.

format to form a single-sideband in-line hologram of the
specimen. The holograms can be reconstructed by digi-
tal Fresnel propagation or by digital correlation with the
hologram of a sub-resolution point object recorded ex-
perimentally. The latter allows for the immediate can-
cellation of the system’s aberrations, without the need
of post-processing, and is not limited to the small an-
gle approximation often implied in the Fresnel-Kirchhoff
formulation of the diffraction integral.

3. Incoherent mode
To capture holograms of fluorescent samples[18], the

temporally modulated scanning Fresnel pattern excites
a temporally modulated fluorescence intensity. After
projection of the scanning pattern through the objec-
tive, detection of the modulated fluorescence signal by a
spatially integrating detector, and digital demodulation,
an incoherent hologram of the fluorophores scattering
intensity distribution is obtained. Typical examples of
holographic reconstructions of fluorescent pollen grains
are shown in Fig. 2. The resolution of these images is
comparable to that of wide-field images obtained with
the same objective lens.

Two important properties of the method are worth
mentioning. The first is that the instantaneous signal on
the detector is the integral of the fluorescence from the
entire region excited by the scanning pattern. The size
of the scanning pattern is an arbitrary parameter in the
instrument design, but it is typically 10 to 100 times the
size of the transverse resolution of the objective, which
equals the width of the finest outer ring of the Fres-
nel pattern. This represents a fluorescence signal 100 to
10000 times larger than the signal from a single resolution
element, as is detected in wide-field or in confocal mi-
croscopy. In scanning holographic microscopy, the signal
level is rarely a factor limiting the signal-to-noise ratio
(SNR) of the detection system. An additional property

Fig. 2. Reconstructions of the incoherent holograms of typ-
ical fluorescent pollen grains. Excitation wavelength is 532
nm, and emission wavelength is 600 nm. The scale bar is
10 µm.

Fig. 3. Experimental PSF of the holographic reconstructions
obtained with (a) digital Fresnel propagation from the holo-
gram and (b) correlation with the experimental hologram of
a sub-resolution (0.5 µm) pinhole. The latter method effec-
tively cancels the aberrations of the optical system.
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is that the aberrations of the optical system are automat-
ically cancelled out if the hologram is reconstructed by
digital correlation with the hologram of a sub-resolution
point object (pinhole or bead). The reference hologram
needs to be recorded only once for a given objective and
scanning pattern. It contains the same aberrations as
the hologram of the specimen, and the correlation opera-
tion cancels out all phase distortions. Figure 3(a) shows
the point-spread-function (PSF) of the holographic mi-
croscope with reconstruction by digital Fresnel-Kirchhoff
propagation. Figure 3(b) is the PSF of the same opti-
cal system with reconstruction by correlation with the
experimental hologram of a sub-resolution point object.
The residual spherical aberration and astigmatism of the
former have been effectively cancelled in the latter.

4. Coherent mode
When the signal is captured in transmission by a point

detector located on-axis in a conjugate image plane of the
pupil of the objective (Fig. 1), the hologram is that of the
complex amplitude transmittance of the specimen[19]. In
this operation mode, the phase of the reconstruction is
the phase transmitted by the specimen integrated ax-
ially. It contains information of the sample thickness
and refractive index distribution. Figure 4 shows the
amplitude and phase of the reconstruction of a Spongila
Spicule which is essentially a colorless organic calcite
crystal. Quantitative morphology can be measured from
such data.

The accuracy of the phase information obtained by this
holographic method was tested by comparing the profile
of a 110 line/mm triangular epoxy phase grating ob-
tained from the phase of the holographic reconstruction
with the profile obtained directly with an atomic force
microscope (AFM). The disagreement shown in Fig. 5 is
within 5%.

Co-localization of sub-resolution fluorescent markers
is a powerful tool in cell biology as it provides a means
of correlating functional behaviors with morphological
structures. 2D co-localization is achieved routinely by
measuring the position of the centroids of the marker
images, but 3D co-localization remains problematic.

Fig. 4. Reconstruction of the coherent hologram of a trans-
parent Spongila Spicule. (a) Amplitude transmittance; (b)
wrapped phase; (c), (d) unwrapped phase.

The reconstruction of a scanning digital hologram is a
complex function even if the hologram is recorded in the
incoherent mode. Remarkably, the phase of the recon-
struction of a sub-resolution object such as a fluores-
cent marker is exactly proportional to its axial position
measured from the plane of focus of the reconstruction,
and can be measured with sub-micron accuracy[24]. The
method was tested quantitatively using a collection of
1-µm diameter fluorescent beads, a size approximately
equal to the transverse resolution of the objective. Fig-
ure 6 shows the reconstructed amplitude and phase fo-
cused in two planes at respective distances of 3 and 15
µm from the focal plane of the objective. The axial lo-
cations of the beads, calculated from the phase of the
reconstructions, are indicated in the figure. The method
is characterized by two adjustable parameters, the sen-
sitivity dΦ/dz = (−π/2)(NA)2/2λ, and the free-axial-
range (∆z)MAX = λ/(NA)2, where Φ is the phase of the
reconstruction, NA is the numerical aperture of the scan-
ning pattern, and λ is the wavelength of the excitation
radiation[24].

5. Tomographic mode
The holographic mode of operation illustrated in the

previous examples has the evident advantage of cap-
turing a 3D volume in a single acquisition step. The
reconstructed 3D information may however be corrupted
by the out-of-focus haze that also plagues wide-field mi-
croscopy. The haze is due to the low spatial frequencies
of out-of-focus features, which are always transmitted
by the objective and cannot be directly separated from
the focused image of interest. Different methods have
been successful in combating this problem. For exam-
ple, deconvolution methods use iterative post-processing
algorithms[25]. Confocal imaging prevents the out-of-
focus light from reaching the detector, but requires a 3D
point-to-point scan and often suffers from low SNR[26].
Wide-field structured illumination uses several phase-
stepped frames to obtain the desired in-focus information
algebraically[27] or statistically[28]. Scanning holography
is also capable of selecting the information scattered by
a single axial section of the specimen[20]. To achieve this,
the interference fringes of the scanning pattern must be

Fig. 5. (a) Phase of the reconstruction of the coherent holo-
gram of a relief phase grating with a 7◦triangular profile; (b)
profile of the same grating obtained with an AFM; (c) quanti-
tative comparison of the profiles obtained by the AFM (right)
and the holographic method (left).
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Fig. 6. Reconstructions of the incoherent hologram of a collec-
tion of fluorescent beads (1-µm diameter). Excitation wave-
length 532 nm, emission wavelength 600 nm, objective 20×,

NA=0.4. Left: amplitude (top) and phase (bottom) of the
reconstruction focused in a plane 3 µm from the focal plane
of the objective. Right: amplitude and phase of the recon-
struction focused in a plane 15 µm from the focal plane of the
objective. The axial location of the beads is a linear function
of the phase of the reconstruction, and can be measured with
nanometer accuracy.

Fig. 7. Left column: reconstruction of the hologram of a
dense sample of 2-µm diameter fluorescent beads obtained
with a point source and a Fabry-Perot interferometer (excita-
tion wavelength 532 nm, emission wavelength 600 nm). Top:
reconstruction focused 15 µm above the focal plane of the
objective. Bottom: reconstruction focused 20 µm below the
focal plane of the objective. The non-localized scanning pat-
tern captures the hologram of the entire 3D distribution, but
the reconstructions are severely corrupted by the out-of-focus
features. Right column: reconstruction of two holograms of
the same sample obtained with an extended spatially incoher-
ent source. The localized fringes capture the hologram of a
single axial section without corruption from the out-of-focus
information. Image size: 140×140µm2

.

spatially localized in the desired axial plane of the speci-
men. One way to realize axial localization of interference

fringes is to use an extended spatially incoherent source
instead of the laser shown in Fig. 1. The two-beam inter-
ferometer in Fig. 1 can also be replaced by a Fabry-Perot
interferometer to simplify alignment. Multiple reflections
in the Fabry-Perot cavity (made of two plane parallel
partially reflecting mirrors) duplicate each point source
in a series of images axially spaced by twice the mirror
spacing. The scanning pattern is the incoherent superpo-
sition of the Fabry-Perot rings due to each point source.
Because the rings due to different point sources overlap
exactly only in the back focal plane of the objective, the
scanning interference pattern is strictly localized in that
particular axial plane. A linear translation of one of the
Fabry-Perot mirrors creates a Doppler frequency shift
of the reflected wave, which temporally modulates the
fringes of the scanning pattern. Consequently, the signal
modulated at the Doppler frequency represents the holo-
gram of the axial section of the specimen coinciding with
the plane of fringe localization. Light scattered by out-

Fig. 8. Left column: hologram obtained with a point and a
spherical wave as pupils, leading to a reconstruction identical
to a wide-field image using the same objective. Right col-
umn: hologram obtained with two spherical waves with op-
posite curvatures as pupils, leading to a reconstruction with
twice the transverse resolution and ten times the DOF of the
objective. First row: holograms of seven point objects; sec-
ond and third rows: reconstructions focused on the central
point; fourth row: x − z sections of the corresponding PSF
in units of transverse and axial resolution of the objective;
fifth row: reconstructions of a Mucor Zygote sample from a
conventional hologram (left) and a hologram with extended
DOF (right).
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of-focus features is not temporally modulated and does
not contributes to the signal, although it may tax the dy-
namic range of the detector. If the image of the extended
source fills entirely the pupil of the objective, the axial
width of the extracted section equals the depth-of-focus
(DOF) of the objective (∆z = λ/(NA)2). With a source
of a smaller size, the width of the section increases as the
inverse of the angular size of the source, up to the limit
of a single point source with which the fringes are not
axially localized and the entire 3D specimen distribution
is captured holographically.

Figure 7 illustrates the phenomenon. The left column
shows the reconstructions of a densely packed sample
of 2-µm diameter fluorescent beads. The hologram was
obtained with non-localized fringes using a single point
source. The two reconstructions were obtained by corre-
lation with the hologram of a 0.5-µm pinhole located in
the focal plane of the objective and numerically propa-
gated to two planes located respectively at 15 µm below
(top row) and 20 µm above (bottom row) the focal plane.
These two planes coincide respectively with the top of the
slide and the bottom of the cover slip where most of the
beads have migrated. With some effort, it is possible
to identify in-focus beads in one plane or the other, but
the images are severely corrupted by the out-of-focus in-
formation. The right column shows the reconstructions
of two holograms of the same specimen obtained with
localized fringes using an extended spatially incoherent
source. For each hologram, the specimen was axially
translated by respectively –15 and +20 µm from its origi-
nal position in order to bring the focal plane of the objec-
tive (the plane of fringe localization) in coincidence with
the two planes where most of the beads are located. This
result illustrates the possibility of tomographic imaging
without the corruption of the out-of-focus features.

6. PSF engineering
Using a Fresnel zone pattern to scan the specimen

leads to a conventional single-sideband Gabor hologram,
but scanning holography is not limited to this choice[29].
Spatial light modulators (SLMs) can be used to gener-
ate arbitrary complex pupil distributions and synthe-
size arbitrary scanning interference patterns. Scanning
holography is thus not limited to the imaging PSF of
the objective, but offers a wide range of possibilities for
shaping the imaging property of the microscope to meet
desired needs[30]. As a simple example, Fig. 8 compares
the results obtained using a point and a spherical wave
as pupils (left column) with those obtained using two
spherical waves with opposite curvatures (right column)
to obtain an extended DOF[31]. The first row shows
the numerical holograms of seven point objects axially
distant from each other by half the DOF of the objec-
tive. The second and third rows show the numerical
reconstructions focused on the central point. The fourth
row shows x-z sections of the respective PSFs, and the
fifth row shows the reconstructions of the experimental
hologram of a Mucor Zygote sample. The conventional
hologram (left column) gives a reconstruction with res-
olution and DOF equal to those of the objective. The
out-of-focus point images are smeared but contain the
same total power as the focused images and are re-
sponsible for the out-of-focus haze. One possible way of

Fig. 9. Experimental PSF of the holographic reconstructions
obtained with a single on-axis hologram (left column) and
the tiling of three off-axis holograms obtained with the same
objective (right column). Top row: wrapped phase of the
scanning distributions; bottom row: PSF of the reconstruc-
tions, identical to that of the objective in the former case,
and exceeding the Rayleigh limit of the objective by a factor
of two in the latter case.

combating this problem is to extend the DOF of the
imaging system. The interference of two spherical waves
with opposite curvatures varies as the square of the defo-
cus distance, as opposed to the linear dependence of the
interference of a spherical wave and a plane wave. Con-
sequently, the scanning interference pattern is, to first
order, independent of defocus, and the DOF of the recon-
struction can be extended controllably. In the example
shown, the DOF is ten times of that of the objective. In
addition, if both waves match the NA of the objective,
their interference creates a scanning Fresnel distribution
with twice the NA of the objective. The transverse reso-
lution is thus expected to be twice that of the objective
as verified in Fig. 8.

Figure 9 illustrates another PSF manipulation intended
to increase the resolution beyond the Rayleigh limit of
the objective by tiling a number of off-axis holograms to
obtain a pupil with an extended area[32].

7. Summary
Several potentially useful features of scanning holo-

graphic microscopy have been briefly reviewed. Emphasis
is given to the multi-modal possibility of the method. It
is shown that with a spatially coherent (point) source and
a spatially integrating detector, the method operates in
an incoherent mode capable of capturing holograms of 3D
incoherently scattered field intensity such as fluorescence
distributions. With a point source and a pinhole detec-
tor, the method operates in a coherent mode, captur-
ing holograms of complex amplitude distributions from
which quantitative phase information can be measured.
With an extended incoherent source, the fringes of the
scanning interference pattern are localized in a specific
axial plane, and the hologram is that of a specific axial
section of the specimen, allowing tomographic imaging.
The possibilities of the method are far from having been
exhaustively explored. Current studies include the use of
arc sources with extended wavelength diversity and the
use of low coherence broadband sources. One particular
area in need of improvement is the acquisition rate of
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the method which is presently limited by the 2D scan.
As the performance of resonant mirror scanner improves,
the hope is to reach an acquisition rate of several tens
of holograms per second, each hologram representing a
volume of up to 106 voxels. The possibility of scanning
only one of the beams to improve speed has also been
explored by others[33].
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