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A technique based on superresolution by digital holographic microscopic imaging is presented. We
used a two dimensional (2-D) vertical-cavity self-emitting laser (VCSEL) array as spherical-wave illu-
mination sources. The method is defined in terms of an incoherent superposition of tilted wavefronts. The
tilted spherical wave originating from the 2-D VCSEL elements illuminates the target in transmission
mode to obtain a hologram in a Mach–Zehnder interferometer configuration. Superresolved images of the
input object above the common lens diffraction limit are generated by sequential recording of the
individual holograms and numerical reconstruction of the image with the extended spatial frequency
range. We have experimentally tested the approach for a microscope objective with an exact 2-D recon-
struction image of the input object. The proposed approach has implementation advantages for applica-
tions in biological imaging or the microelectronic industry in which structured targets are being
inspected. © 2006 Optical Society of America
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1. Introduction

Digital holography can be used to reconstruct the
phase information of objects and thus to improve the
axial resolution of microscopy. Using digital hologra-
phy techniques allows the hologram to be recorded
with an electronic camera (normally a CCD camera)
and the object wave to be reconstructed numerical-
ly.1,2 Digital holography reconstruction simulates the
optical beam propagation of the complex amplitude
by discrete implementation of the Kirchhoff–Fresnel
propagation equations. Various experimental setups
extracting the three-dimensional (3-D) information
and performing phase-contrast imaging and pattern
recognition have been studied by using digital
holography.3–5 However, the main problem in digital
holography is the resolution of the CCD devices,
which is lower than photographic materials by at
least an order of magnitude. To overcome this limi-
tation, researchers have proposed phase-shifting dig-

ital holography that uses an in-line setup to decrease
the fringe spacing and the phase shifting of the ref-
erence beam to evaluate directly the complex ampli-
tude at the CCD plane and thus to eliminate the
conjugate images completely.6 Phase-shifting digital
holography has also been applied to 3-D microscopy.7
Moreover, a dramatic improvement can be achieved
by use of synthetic apertures. The basic idea is to
combine holograms recorded at different camera po-
sitions to construct a large digital hologram.8,9 How-
ever, these methods use an expensive, high-precision
mechanical movement and are time consuming.

In this paper we apply superresolution techniques
by using digital holography tools. In fact, the ability
to improve the limited resolving power of optical sys-
tems, which is due to the wave nature of light, has
been widely studied in the past10–14 for both theoret-
ical and practical benefits. Generally, the numerical
aperture (NA) determines the diffraction cutoff fre-
quency of the system up to a maximum lateral reso-
lution of ��2 with a constant wavelength. An increase
of the NA represents a resolution improvement. How-
ever, high-NA systems are complex and difficult to
implement. Thus superresolution techniques have
been proposed over the years to enlarge the aperture
of the system without changing the physical proper-
ties of the NA for the lenses. Some of those techniques
to improve the superresolution are based on studying
the information capacity of the system,10–12 which is
a measure of the number of degrees of freedom for
optical systems by means of an invariance theorem.
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The theorem from Refs. 10 and 11 states that it is not
the spatial bandwidth but the information capacity of
an imaging system that is constant. Then it is possi-
ble to extend the spatial bandwidth by encoding–
decoding the additional information onto the unused
parameters of the imaging system.10,13 Bearing this
fundamental principle in mind, we note that one of
the most appealing approaches for achieving resolv-
ing power is related to temporally restricted objects,
and it is based on two moving gratings.13,14 The main
idea is to introduce optical elements, such as grat-
ings, that will divert the higher spatial frequency
components into the aperture of the optical imaging
system.

Recently, some authors used an interferometric ap-
proach to improve the optical resolution of an optical
system. Thus Chen and Brueck15 and Schwarz et al.16

used off-axis illumination to change the high-
frequency components generated when the illumina-
tion beam impinges the object into low-frequency
components in such a way that these components can
pass through the aperture of the system. By means of
an interferometric register, these transmitted object
spectrum components are shifted back toward their
original location. Then the individual recorded inten-
sities are added incoherently. The same effect of inco-
herent addition can be obtained by using mutually
incoherent light sources for recording all the spatial
frequency bands in a single step. Bearing this idea in
mind, Mico et al.17 used a one-dimensional (1-D)
vertical-cavity self-emitting laser (VCSEL) array to il-
luminate an imaging system with a limited aperture.
The holographic recording process was accomplished
by interfering the spatial frequencies of the object with
multiple complementary reference plane waves com-
ing from the Mach–Zehnder interferometer. Contrary
to Refs. 15 and 16, the transmission of all the spatial
frequencies occurs at the same instant, using the spa-
tial multiplexing of all the incoherent illumination
sources. Moreover, the complexity of the system is not
penalized by the inclusion of additional frequency
slots, and more than three frequency bands can be
added in the final image. In fact, the authors have used
five sources simultaneously (for a fivefold increase of
the system’s spatial frequency bandwidth) as com-
pared with the three illumination angles for the sys-
tem presented in Ref. 17.

Although Leith et al.18 and Sun and Leith19 used
incoherent sources to increase the resolution of im-
aging systems, such incoherent illumination has the
disadvantage of reducing the dynamic range of the
CCD and of increasing the cross talk between the
recorded images. The combination of a similar coding
approach together with a VCSEL line array was stud-
ied for the first time in Ref. 17. One of the main
advantages of this system is that the coherence
length between neighboring emitters is very short
(close to the optical wavelength), which means that
the variations of the temporal phase are made at the
speed of light instead of at the much larger coherent
lengths obtained by using diffusers. Moreover, high
optical intensity was achieved in the VCSEL array

(up to 10 mW). Another advantage of the system pre-
sented in Ref. 17 is that the VCSELs can be tempo-
rally modulated up to several gigahertz. Note that
the 2-D VCSEL array is transversally incoherent (the
sources are spatially incoherent to each other). The
superresolving approach allows transmission of
higher spatial frequencies, meaning that it generates
a synthetic aperture that is wider than the true ap-
erture of the imaging lens. As will be proved in the
mathematical derivation in Section 2, the synthetic
aperture generated by the suggested approach is ac-
tually a convolution operation between the VCSEL
line array and the coherent transfer function (CTF) of
the system. By temporally varying the relative am-
plitudes of each line array source, one can synthesize
any synthetic transfer function. Thus an ultrafast (at
a gigahertz rate) tunable spatial filter may be gener-
ated. In spite of all its previously demonstrated ad-
vantages, the system was difficult to align and the
superresolution was obtained for only one direction.

Presented in this paper is a generalization of the
approach shown in Ref. 17 that is applied to micro-
scopic imaging and expanded into 2-D. As a main im-
provement, the illumination of the system is
performed by using spherical tilted waves coming from
a 2-D VCSEL array. In this way we significantly re-
duce the implementation complexity of the former sys-
tem. Once the hologram is obtained, we perform the
reconstruction digitally by use of a divergent reference
beam or by addition of a quadratic phase function.
Significant improvement in the resolution of a com-
mercial microscope objective with NA � 0.1 and 5�
magnification is demonstrated.

2. Theoretical Analysis of the Optical System

The optical setup is shown in Fig. 1. A Mach–Zehnder
interferometric configuration is used to implement
the technique. The 2-D VCSEL array illuminates the
interferometric system.

The first beam splitter (BS1) is used to distribute the
incoming light to two optical beam paths. In the first
optical path (the imaging arm) the object is illumi-
nated by a spherical wave and imaged by the micro-
scope objective into the CCD after reflection in a mirror
(M2). In the other optical path (the reference arm) the
light is directed toward the CCD using a mirror (M1).
A second beam splitter (BS2) mixes the two beams into
the image plane and produces the holographic register.
By tilting the beam splitter BS1 and the mirror M1
accordingly, we produced tilting of the reference beam
versus the imaging beam of the interference pattern. It
is well known that a low-pass version of the input
object is obtained in the image plane when the light
comes from the imaging arm and on-axis illumination
is used. In this paper we will improve the resulting
imaging resolution of the input object by taking the
influence of many VCSEL sources that illuminate the
interferometric system.

A hologram of a microscopic object is recorded by an
image sensor (CCD), and numerical reconstruction is
performed by a computer, using standard Fourier-
transform techniques. In this section we review the
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mathematical foundations of diffraction analysis. We
define the input’s wavefront f�x, y� and the Fourier
transform of the object’s wavefront as f̃�u, v�, where
�x, y� and �u, v� are the spatial and spatial frequency
coordinates, respectively.

In this paper we employ a 2-D m � n source array
in which every element emits spherical waves to il-
luminate the input object. Then the amplitude distri-
bution onto the CCD by the imaging arm for each
VCSEL source (with indices m and n) with spherical
illumination and under quadratic approximation is

Um,n
CCD (x, y) � (f��

x
M, �

y
M�exp�j

k
2Md [(x � xm)2

� (y � yn)
2]�) � disk(��r), (1)

where M is the imaging magnification, k is the wave-
number, d is the distance between the VCSEL array
image plane through the microscope objective and the
CCD, �xm, yn� are the coordinates of the off-axis
VCSEL source, r is the polar coordinate defined as
r � �x2 � y2�1�2, and disk���r� is the point-spread
function (PSF) of the optical microscope lens.

From Fig. 1, the intensity distribution recorded at
the CCD plane comes from the addition of Eq. (1) and
a spherical reference beam as
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where d= is the distance from the 2-D VCSEL array to
the CCD and Q is the carrier frequency introduced in

the x axis. The last expression can be split into the
four terms P1�x, y�, P2�x, y�, P3�x, y�, and P4�x, y�:
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Equation (3) represents the hologram registered in
the CCD for a single VCSEL centered at �xm, yn�. To
obtain the reconstruction, we perform a digital in-
verse Fourier transformation and we analyze each
term separately. The Fourier transform of the first
term 	P̃1�u, v�
 is just a delta function centered at the
origin. The Fourier transform of the second term
	P̃2�u, v�
, also centered at the origin, is the autocor-
relation of the bandpass slot. The Fourier transform
of the third term, 	P̃3�u, v�
, is a bandpass of the object
spectrum placed at the left position of the central
autocorrelation term (�1 diffraction order for the ho-
lographic recording process):

Fig. 1. Experimental setup. The object is imaged onto the CCD by the microscope lens. Divergence distances for the illumination in both
arms, d and d=, are indicated by the broken segments ending with arrows.

824 APPLIED OPTICS � Vol. 45, No. 5 � 10 February 2006



P̃3(u, v) � K{[f̃�Mu �
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where P̃3�u, v� is the Fourier transform of the third
term of Eq. (3) and K is a constant that includes
constant phase factors. The first convolution of Eq. (4)
would produce a defocus in the Fourier plane. More-
over, it is restricted to a limited extension in the
frequency domain defined by the circ function. This
means that the transmitted bandpass of the object
spectrum is defocused inside the limited region, and
because of that a corrected reconstruction cannot be
obtained. To correct the reconstruction of the object,
we need to digitally compensate for this defocusing
effect by multiplying the recorded hologram by the
conjugated spherical phase factor before Fourier
transformation. This will eliminate the quadratic
phase factors in Eq. (4). With this modification, Eq.
(4) can be rewritten as

P̃3(u, v) � K��f̃�Mu �
xm

�d, M� �
yn

�d��circ� 	

����
� FT�1�exp�j k

d�
(xxm � yyn)��

� 
(u � Q, �). (5)

Equation (5) describes the information of the spectral
frequency bandpass of the object spectrum transmit-
ted by the pupil microscope objective. The linear
phase factor moves the transmitted spectral band-
pass from the central terms. However, to guarantee
the separation between orders, we have also added a
carrier frequency offset, which corresponds to a tilt of
the reference plane.

Now, if we consider all the illumination sources
from the 2-D VCSEL array, Eq. (6) can be rewritten
as

P̃3
sum(u, v) � K�m,n �f̃�Mu �

xm

�d, M� �
yn

�d�
� circ� 	

����� 
�u �
xm

�d�
, � �

yn

�d���
� 
(u � Q, �). (6)

The term enclosed by square brackets represents
the different frequency bands of the object selected by
the circ function since, as seen in Eq. (6), this function
multiplies the spectrum f̃. Moreover, from Eq. (6) the
frequency bands are shifted according to the distance
d= and the bias carrier frequency Q. In fact, what we

are performing digitally is a synthetic aperture, as
depicted in Fig. 2. It represents the desired configu-
ration of the different frequency bands. Note that the
frequency bands are centered at positions different
from the displacements introduced by the delta func-
tions. By properly adjusting the axial distances and
the magnification, one could obtain all terms overlap-
ping at the desired locations. Nevertheless, to further
simplify the setup, we used five VCSEL sources ar-
ranged in a cross shape and lighted them sequen-
tially. The sequential illumination permits us to
register different frequency bands of the object sepa-
rately, without having to take care of the matching
between scaling and displacement of the bands. The
arrangement of the frequency bands is performed
digitally at a later stage.

The size of the smallest circles in Fig. 2 corresponds
to the NA of the microscope objective (�� radius). We
selected circular frequency bandpasses so that when
they are located at their proper positions, the center-
to-center spacing is ����2, allowing full coverage of
the frequency plane. The synthetic pupil (dashed cir-
cle of �4.8�� diameter) is generated by two off-axis
illuminations in each perpendicular direction, ex-
panding the actual cutoff frequency to nearly five
times the conventional frequency cutoff. Once we
capture the hologram, we can digitally separate the
multiplexed frequency bands. After digital postpro-
cessing, we obtain the spectrum according to Fig. 2.
An inverse Fourier transform recovers the superre-
solved object. Owing to the high switching speed of
the VCSELs and their high-energy throughput, pro-
vided that no adjustment is needed, the full sequence
can be captured at a fast rate. Moreover, the digital
processing is not time consuming, as it involves only
linear and simple calculations. Nevertheless, it would
be possible to capture all the spectral bands in one
shot, in a manner similar to that reported in Ref. 17.
One would only need to add an additional imaging
optical system in the reference arm.

Notice that no assumption is made about the prop-

Fig. 2. Synthetic aperture generation.
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erties of the object f�x, y�, so for any complex input
distribution we will always reconstruct the input.
Also, there is no need to adjust the spherical-wave
curvature between the two interferometric arms. As a
result, the system gains in simplicity and versatility.
Contrary to Refs. 15 and 16, our system has no pupil
filter in the system’s Fourier plane (Ref. 15), and
there is no need to change the implementation to add
the different frequency bandpass of the object to the
final image (Ref. 16).

3. Experimental Results

We tested the proposed superresolution method ex-
perimentally in a system as shown in Fig. 1. We use
a Nikon microscope objective with a NA of 0.1 and
a 5� magnification. Note that a large working dis-
tance, as needed in many practical applications, is
usually related to a low NA. For the optical exper-
iments, an array of 3 � 3 VCSELs are used. The
input object is a U.S. Air Force resolution test. The
sources are transverse single mode and monochro-
matic with � � 850 nm. The objective, as given by

its NA, has a resolution spot size of 4.25 �m. To
compare the results obtained with our system, we
show in Fig. 3(a) a high-resolution image of the test
object by using a Mitutoyo microscope objective
with a NA of 0.42 and incoherent illumination (cut-
off frequency of 2000 line pairs�mm). In Fig. 3(b)
the optical image obtained using illumination by a
single VCSEL with the 0.1 NA lens is shown.
Clearly, many spatial frequencies are not trans-
ferred by the low-NA objective, and a low-pass ver-
sion of the test is obtained. Note that, in comparison
with the previous incoherent image, aside from the
much lower resolution, the coherent noise has ap-
peared, spoiling the signal-to-noise ratio (SNR) of
the image. The smallest resolved detail is �4 �m,
corresponding to element 1 (E1) in group 7 of the
test, shown in Fig. 3(b).

As an example of the holograms captured in the
CCD of the system, Fig. 4(a) shows the image corre-
sponding to illumination by the central source. Fig-
ure 4(b) displays the Fourier transform of the
digitally recorded hologram. A spherical phase factor
[see Eq. (4)] was multiplied by the hologram to focus
the �1 order [at the left in Fig. 4(b)] containing the
bandpass. The zero order and the �1 order are fo-
cused improperly as a consequence. Note that the
carrier frequency has shifted from zero (tilting the
reference mirror) for separating the spatial frequency
slot from the zero-order terms.

The different holograms, that correspond to differ-
ent spatial frequency slots are taken in sequence and

Fig. 3. (a) Reference high-resolution image obtained with a 0.42
NA microscope lens and incoherent illumination. (b) Image ob-
tained with a 0.1 NA microscope lens and single-VCSEL (coherent)
illumination.

Fig. 4. (a) Hologram image obtained by illumination with the
central VCSEL. The inset shows a magnified portion of the image,
in which the fringes can be observed. (b) Image in the correspond-
ing virtual Fourier-transform plane of (a) that underwent a previ-
ous multiplication by a spherical phase factor to focus the �1 order.
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stored in the computer memory. Then the regions of
interest (order �1) of each one are shifted to their
proper spectral positions and superimposed to synthe-
size the synthetic aperture. An inverse Fourier trans-
form yields the final superresolved image. Figure 5(a)
shows the reconstructed image. Owing to 2-D VCSEL
off-axis illumination, both vertical and horizontal res-
olution will be improved. It is obvious to see the gain in
resolution with respect to the image in Fig. 3(b). Ac-
cording to theory, the resolution has been enhanced by
a factor of 2.4 in both the horizontal and the vertical
directions, giving a resolution spot size of 1.8 �m,
which is sufficient to resolve the smallest details in the
target [2.2 �m details corresponding to element 6 (E6)
of group 7 in the test pattern]. Comparing the mini-
mum resolvable detail size without the superresolving
approach �4 �m� with the resolution obtained with our
method �2.2 �m� demonstrates an enhancement of
nearly a factor of 2 in the resolution. The test object has
almost no oblique frequencies in the spectrum, so there
is no need to add the diagonal frequency bands (those
areas that appear dashed in Fig. 2). We note the lower
SNR of the image as compared with the coherent im-
age or even with the low-pass image. The most visible
noise is the striped background on the image, covering
what should be black regions. In fact, these areas have
a low, although not null, transparency. Thus a low-bias
amplitude will be registered in the holograms and will
contribute to the output. In an incoherent system this
bias will just cause a uniform background that can be
eliminated from the image simply by subtracting a

constant. In the case of an image made by multiple
bandpasses, all the biases will interfere. Ideally, the
addition would be uniform and would provide a uni-
form background. In practice, small misalignments be-
tween the beams will result in a low-contrast
interference pattern that has spatial variations.

Finally, Fig. 5(b) depicts the Fourier transform of
the reconstructed superresolved image. The band-
pass due to the central VCSEL, which is coincident
with the one shown in Fig. 4(b), is highlighted by a
dashed circle. The added bandpasses are clearly vis-
ible, aside from the gain in lateral resolution.

4. Conclusions

In this paper a digital holographic technique to im-
prove superresolution based on a 2-D array of mutu-
ally incoherent VCSELs sources has been presented.
The principle is based on multiple superposition of
digital image holograms performed by using different
spherical tilted-wave illumination. The spatial fre-
quency bands are sequentially transmitted through
the lens owing to different positions of the illumina-
tion sources, and this information is recorded by us-
ing an interferometric configuration. Finally, a
hologram is recorded and the reconstruction is ob-
tained digitally by adjusting the focusing process nu-
merically for each frequency band. After focusing, the
superresolved object is reconstructed by Fourier
transformation. The main advantages of our method
are the possibility of recording all the interferograms
without changing the setup and its simplicity. Since
the VCSEL array can be modulated in rates of a few
gigahertz, the hologram recording is performed tem-
porally almost at once. Moreover, no assumption is
made about the object, so the method can be used for
more complicated objects, including phase objects.
This is the main difference between this study and
others of incoherent illuminated holographic record-
ing.
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