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An optical setup to achieve superresolution in microscopy using holographic recording is presented. The tech-
nique is based on off-axis illumination of the object and a simple optical image processing stage after the im-
aging system for the interferometric recording process. The superresolution effect can be obtained either in one
step by combining a spatial multiplexing process and an incoherent addition of different holograms or it can be
implemented sequentially. Each hologram holds the information of each different frequency bandpass of the
object spectrum. We have optically implemented the approach for a low-numerical-aperture commercial micro-
scope objective. The system is simple and robust because the holographic interferometric recording setup is
done after the imaging lens. © 2006 Optical Society of America
OCIS codes: 090.0090, 100.6640, 110.0180.
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. INTRODUCTION
igital holography permits reconstruction of both ampli-

ude and phase of imaged objects. The amplitude distri-
ution of the imaging beam is added in the hologram
lane with a reference wave and the hologram is recorded
y using a CCD camera. Then the object wavefront is re-
onstructed numerically by simulating the backpropaga-
ion of the complex amplitude of the optical beam using
he Kirchhoff–Fresnel propagation equations.1–4 How-
ver, for both off-axis4 and on-axis5 holography, the finite
umber of recorded pixels and the size of the CCD limit
he resolution of the digital holographic approach. Some
echniques have been proposed in the past to overcome
his limitation. One can classify them into two groups:
hase-shifting digital holography (PSDH) techniques and
olographic synthetic aperture generation methods.
PSDH uses both an in-line setup to decrease the fringe

pacing and a phase shifting of the reference beam to
valuate directly the complex amplitude at the CCD
lane and to eliminate the conjugate images completely.6,7

SDH has also been applied to three-dimensional
icroscopy,8,9 encryption,10 and wavefront

econstruction.11 PSDH improves the number of resolved
bject points contained in the final image by approxi-
ately a factor of 2 in comparison with conventional digi-

al holography.
A significant resolution improvement is obtained using

olographic synthetic aperture methods. Some of these
ethods are based on the generation of a synthetic aper-

ure by combining different holograms recorded at differ-
1084-7529/06/123162-9/$15.00 © 2
nt camera positions to construct a larger digital
ologram.12,13 The resolution improvement factor is equal
o the number of recorded holograms. Other approaches
o generate synthetic apertures are based on superresolu-
ion techniques.14–25 A synthetic enlargement of the sys-
em aperture is a well-known and widely used tech-
ique16,20,21 to improve the limited resolving power of op-
ical systems. Because of the wave nature of light, each
ptical imaging system is limited in resolution linked to a
ow-pass filtering in the frequency space. The cutoff fre-
uency in the spatial-frequency domain is defined in
erms of its numerical aperture (NA) and the wavelength
f the illumination light. One can realize that both im-
roving the NA of the imaging system and/or decreasing
he wavelength result in a resolution enhancement of the
ptical system. But in many cases these options are diffi-
ult, complex, and not always possible to achieve. Thus,
he basis of superresolution is to produce a synthetic en-
argement in the system aperture without changing the
hysical dimensions of the lenses or the illumination
avelength.
Many attempts had been proposed over the years for

uperresolution imaging based on a certain a priori
nowledge about the object as its time,20–22

olarization,23,24 or wavelength independence.25 All of
hese parameters are involved in the information capacity
heory,16,17,19 which gives an invariance theorem for the
umber of degrees of freedom of an optical system. This
heorem states that it is not the spatial bandwidth but
he information capacity of an imaging system that re-
006 Optical Society of America
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ains constant. Thus, it is possible to extend the spatial
andwidth by encoding or decoding the additional infor-
ation onto unused parameters of the imaging system.
In the past years, Chen and Brueck26 and Schwarz et

l.27 have implemented an interferometric approach ap-
lied to lithography and microscopy imaging, respectively.
hey used off-axis illumination to downshift the high-

requency components of the object spectrum in such a
ay that they are transmitted through the system aper-

ure. Then, by means of an optical interferometric record-
ng, these transmitted components are shifted back to-
ard their original position at the object spectrum and a

ynthetic enlargement of the system aperture is done by
ncoherent addition of the individual recorded intensities.

ico et al.28 obtained the same effect of incoherent addi-
ion by using an array of mutually incoherent light
ources [a vertical-cavity surface-emitting laser (VCSEL)
rray] for recording all the spatial-frequency bands in a
ach–Zenhder interferometric configuration. In contrast

o the setups reported in Refs. 26 and 27, the transmis-
ion of all the spatial frequencies is done at once, in terms
f spatial multiplexing of all the incoherent illumination
ources. In the method of Mico et al.,28 a large factor of
mprovement is obtained without penalty for the complex-
ty of the system. In fact, the authors have used five
ources simultaneously (fivefold increase of the system
patial-frequency bandwidth) as compared with the three
llumination sources for the system presented in Refs. 26
nd 27.
Although other authors have implemented incoherent

llumination sources to increase the resolution of optical
maging systems,29,30 the approach presented in Ref. 28
rovides higher light efficiency due to the high optical
ower of the VCSEL array. Moreover, no theoretical limit
egarding the limited size of the extended incoherent
ource restricts the system because of the great number of
ingle VCSELs that can be present in the VCSEL array.
n addition, the fact that the VCSEL elements can be
emporally modulated up to several gigahertz implies
hat any synthetic transfer function can be synthesized by
emporally varying the relative amplitudes of each source
n the array. This can be done because the synthetic ap-
rture generated by the suggested approach28 is a convo-
ution operation between the VCSEL line array and the
oherent transfer function (CTF) of the system.

Recently, Mico et al.31 have extended the optical system
f Ref. 28 to two-dimensional (2D) objects. However, the
ain disadvantage of this setup is that, owing to the dif-

erence between the imaging and the reference arm in the
nterferometer, the holograms for the different band-
asses are incorrectly overlapped, and so it impedes the
ecording of all frequency slots in a single exposure. More-
ver, the stability of the system, as well as that for Ref.
8, suffers from the splitting of light for the reference
eam before illuminating the object.
In this paper we present a new experimental configu-

ation that significantly increases the robustness of the
ystem as well as opens the possibility of performing the
maging with enhanced resolution in a single exposure.
he system uses a collection of mutually incoherent point
ources, at different lateral positions, which serve as
pherical and tilted illuminations for the object (i.e., every
oint source gives a spherical wave with a different ori-
in). The imaging and reference beams are separated by a
eam splitter (BS) after the low-NA microscope lens.
herefore, the full interferometer is after the lens, reduc-

ng the sensitivity of the system to vibrations and/or ther-
al changes. One of the arms is filtered using a pinhole

rray so that the dc of each tilted illumination beam is se-
ected and in addition serves as the set of tilted reference
eams. With this new optical system the frequency slots
f the spectrum of the superresolved image can be sepa-
ated, in contrast with the system shown in Ref. 31. Thus,
he superresolution system can be implemented by means
f a physical 2D array of sources (such as a VCSEL array)
n a single exposure. However, as an alternative to the
CSEL array, the implementation can be made sequen-

ially displacing a single coherent source and recording a
et of exposures for a later digital combination.

The paper is organized as follows: Sections 2 and 3 give
preliminary and theoretical analysis of the experimen-

al setup, respectively. In Section 4 experimental results
nd the reconstruction process are presented. Section 5
oncludes the paper.

. PRESENTED APPROACH: SOME SYSTEM
ONSIDERATIONS
he optical setup is shown in Fig. 1. The input object is

lluminated by a collection of spherical waves, each one
oming from different point sources in a 2D array configu-
ation. A microscope objective images the object onto a
CD. Behind the microscope objective, the first beam
plitter (BS1) splits the imaging beam into two beams.
ne of them (right branch in Fig. 1) allows image forma-

ion of the object onto the CCD after reflection in mirror
1. We call this branch as imaging arm. In the other op-

ical beam path (left branch in Fig. 1), some elements are
ntroduced to perform optical image processing. This
ranch is called the reference arm. In the following we ex-
lain in detail the configuration of the reference arm in
his new superresolution technique.

Diffraction theory applied to optical imaging shows
hat the object spectrum (Fourier transformation of the
bject amplitude distribution) is obtained in the image
lane of the illumination source through the imaging op-
ical system. In the on-axis illumination case, a pinhole
laced at the Fourier plane in the center of the reference
rm, coinciding at the axial position of the source image,
ill transmit only radiation representing the dc term.
his procedure gives a uniform reference beam that can
e used to perform the interferometric recording in the
CD plane.
When off-axis illumination is used, the full object spec-

rum is displaced at the Fourier plane and the zero fre-
uency no longer coincides with the pinhole location and,
n general, the amount of light passing the pinhole will be
egligible. To optimize the intensity of the filtered refer-
nce beam, the transmission of the central part in the ob-
ect spectrum can be performed by moving the pinhole to
he off-axis position defined by the object spectrum center.
he same effect can be obtained using a mask with an ar-
ay of pinholes when a certain off-axis illumination con-
guration is given, instead of shifting a single pinhole.
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his pinhole mask must have a pinhole corresponding to
ach of the 2D illumination point-source arrays. The loca-
ion of each pinhole is determined by the magnification of
he microscope objective (see Fig. 1). Thus, for the case of
CSEL source illumination, if several off-axis sources are
perated at the same time, the previously described pin-
ole mask placed at the Fourier plane will transmit in
arallel each of the reference beams corresponding to the
ifferent replicas of the object spectrum transmitted by
he imaging system.

It is important to note that the input object could be il-
uminated by off-axis illumination angles higher than
hat defined by the NA of the microscope objective.30,32 As
general rule, we can say that the simpler the lens, the

igher the off-axis illumination angle. A resolution im-
rovement by a factor of 2 is always achievable using off-
xis illumination with a maximum illumination angle

ig. 1. (Color online) Experimental setup. The reference and
maging arms are marked with dashed and dotted frames, re-
pectively. The divergence distance d for the illumination in the
maging arm is depicted by broken segments ending in arrows.
qual to the NA of the imaging lens and a postprocessing
tage.31,33 But in our case, when a low-NA objective mi-
roscope is used (that means a simpler lens system in
omparison with higher-NA objectives), a resolution im-
rovement factor higher than 2 is possible. In fact, for the
etup presented in this paper, the resolution improve-
ent factor is 3.
Assuming mutually incoherent point sources, each

ransmitted reference beam is coherent with its corre-
ponding frequency band transmitted by the imaging arm
nd incoherent with the others. This property permits the
ecording process of different frequency bands at the
ame instant by mixing both the reference and the imag-
ng beams using a second beam splitter (BS2). Moreover,
ach filtered reference beam has a slightly different car-

ig. 2. Off-axis illumination case. The chief ray for each off-axis
ource (thick solid line) impinges on the CCD center. An approxi-
ate size and location of the virtual image of the pinhole mask

re shown.
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ier frequency that shifts back the corresponding fre-
uency band to its original position in the object spec-
rum. A bias frequency is introduced by tilting mirrors M1
r M2 to avoid the overlapping of the hologram diffraction
rders with the dc term. Simple digital postprocessing is
erformed to obtain the reconstruction. This digital post-
rocessing involves an inverse Fourier transformation of
he recorded multiple hologram, a filtering and centering
rocess of the first diffraction hologram order, and finally
direct Fourier transformation of the previous centered

pectrum.
For the previously mentioned system, the recording of

he hologram at the CCD requires long integration times
ue to the low intensity in the reference beams, owing to
heir divergence and angular shift. To eliminate this ef-
ect, a lens is placed in the reference arm (see Fig. 1). The
urpose of this lens is to redirect the light from each ref-
rence beam onto the CCD, allowing a more efficient ho-
ographic recording (Fig. 2). In the ideal case, the lens is
laced at the same plane as the pinhole mask, acting as a
eld lens. For this purpose, the focal length of the lens is
hosen so that the image of the exit pupil of the micro-
cope objective lies on the CCD. Under this condition, the
hief rays for every source (and therefore the reference
eams) are centered on the CCD. The position of the pin-
ole array through the field lens is not affected. Thus, the
arrier frequency of the holograms for each source is the
ame as it would be without the lens, providing the proper
verlapping of the frequency bands [see Fig. 3(a)].

For a real situation the field lens cannot be attached to
he pinhole mask, but an axial displacement is needed.
he effect of the lens can be easily interpreted considering
he image of the pinhole mask through this lens. The im-
ge is virtual and it is located prior to the original mask
osition and with lateral magnification (Fig. 2). The axial
hift of the pinhole array image implies a different curva-
ure of the reference and the imaging beams (associated
ith divergence distances d and d� shown in Figs. 1 and
, respectively), and the recorded holograms result in a
onuniform carrier frequency along the hologram, equiva-

ent to a defocusing in the Fourier transform of the holo-
ram. The defocusing can be compensated by digitally
ultiplying the recorded hologram by the appropriate

pherical phase factor. On the other hand, the scale
hange produces an outward lateral shift of the position of
he pinhole images, and thus the carrier frequencies of
he holograms for each source increase. The modification
f the carrier frequencies generates an incorrect overlap-
ing of the frequency bands in the spectrum [Fig. 3(b)]. In

ig. 3. Lens selection process: (a) Synthetic aperture generated
he different frequency bands (reconstruction is not possible), (c)
he separated processing of the frequency bands and correct relo
his situation the reconstruction of the hologram would be
rong. Moreover, a separate processing of every bandpass

s not possible due to overlapping. To cope with this prob-
em, the axial shift of the lens (that changes the pinhole

ask magnification) can be adjusted such that the fre-
uency bands are not overlapped [Fig. 3(c)].
Thus, the lens placed in the reference beam needs to ac-

omplish two conditions. It must image the exit pupil of
he microscope objective onto the CCD to optimize light
ntensity of the reference. And on the other hand, it must
ave a magnification that avoids the overlapping of the
ifferent frequency bands. Notice that the second condi-
ion is only necessary to work in a single exposure, that is,
hen all the point sources operate simultaneously. Other-
ise, if the process is done sequentially, the overlapping
oes not generate any implementation problem.

. THEORETICAL SYSTEM ANALYSIS
n this section we review the mathematical foundations of
he experimental setup diffraction analysis. Let us first
nalyze the imaging arm of the system (Fig. 1). An input
bject f�x ,y� will produce a scaled image in the output
lane, convolved with the point-spread function (PSF) of
he imaging system. We will assume that the CFT of the
ystem is a circular aperture with radius �� , circ�� /���, �
eing the radius in the spatial-frequency domain. Thus,
he PSF is its inverse Fourier transform, related to the
rst-order Bessel function, that we will denote as
isk��� r�, where r is the radial coordinate in the output
lane. The complex distribution at the image plane when
he object is illuminated by a centered source, under
resnel approximation, is

U�x,y� = �f�−
x

M
,−

y

M�exp�j
k

2d
�x2 + y2�	
 � disk���r�,

�1�

here �x ,y� are the spatial coordinates on the output
lane and k=2� /� is the wavenumber. Note that the im-
ge is scaled according to the image magnification �M�
nd the phase factor multiplying the image diverges from
distance d from the output plane, that is, from the in-

ermediate image of the source (see Fig. 1).
An m�n 2D source array is used to illuminate the in-

ut object. For a single off-axis source, the only modifica-
ion is a shift in the spatial coordinates in the quadratic
hase factor. Naming �xm ,yn� the coordinates of VCSEL
ources in the source plane, their images in the interme-

t the field lens (correct overlapping), (b) incorrect overlapping of
ted frequency bands obtained using a suitable lens that permits
to obtain the desired synthetic aperture shown in (a).
withou
separa
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iate aerial image will be displaced according to the mag-
ification given by the lens between the source and the
ource image plane �Ms�. Thus for a single source the am-
litude distribution on the CCD through the imaging arm
f the setup is given by

Um,n
I �x,y� = �f�−

x

M
,−

y

M�
�exp�j

k

2d
��x − Msxm�2 + �y − Msyn�2�	


� disk���r�, �2�

here the superscript I stands for the imaging arm and
he subscripts give the indices of the source in the array.

Concerning the reference arm of the system (Fig. 2), a
ingle source will give an aerial intermediate image, just
s in the imaging arm. In addition, the lens close to the
inhole mask will axially shift and scale the intermediate
mage. As a whole, the light impinging on the CCD will
iverge from a distance d� and a lateral position affected
y a magnification M�s (both parameters depend on the
ens layout in the experimental setup). With a the dis-
ance between the mask and the lens and F the focal
ength of the lens, the distance d� is

d� =
a�a − d� + F2

F − a
. �3�

nd the magnification is modified as follows:

Ms� = Ms

F

F − a
. �4�

he amplitude distribution incoming onto the CCD from
he reference arm for the �m ,n� source is

Um,n
R �x,y� = exp�j

k

2d�
��x − Ms�xm�2 + �y − Ms�yn�2�	 . �5�

ote that we assume the pupil function of the field lens
oes not trim the reference beam. An additional linear
hase factor, exp�j2�Qx�, playing the role of a carrier with
requency Q, can be introduced by tilting one of the mir-
ors in the reference arm.

Thus, the overall amplitude that impinges on the CCD
omes from the addition of Eqs. (2) and (5), and it gives
he following intensity distribution:

Im,n�x,y� = 
Um,n
I �x,y� + Um,n

R �x,y�exp�j2�Qx�
2. �6�

ote that the carrier introduced in the x axis is the same
or all sources. Equation (6) can be split into four terms:
1�x ,y� ,T2�x ,y� ,T3�x ,y�, and T4�x ,y�.

Im,n�x,y� = 1 + 
Um,n
I �x,y�
2 + Um,n

I �x,y��Um,n
R �x,y��*

�exp�− j2�Qx� + �Um,n
I �x,y��*Um,n

R �x,y�ej2�Qx

= T1�x,y� + T2�x,y� + T3�x,y� + T4�x,y�. �7�

Equation (7) represents the hologram recorded on the
CD for a single source the centered at the �xm ,yn� posi-

ion. In the reconstruction procedure, we perform digi-
ally an inverse Fourier transformation of Eq. (7) to ana-
yze each term separately. The first term, T1�x ,y�=1, is
onstant and its Fourier transform �T̃1�u ,��� is just a
elta function centered at the origin. The second term,
2�x ,y�, is the intensity of a low-pass version of the image
s given by the system. Thus, its Fourier transform
T̃2�u ,��� is also centered at the origin, with a width that
oubles the bandpass of the system.
The third and fourth terms in Eq. (7) contain the infor-
ation about the phase and the amplitude of the object.
he third term is

T3�x,y� = ��f�−
x

M
,−

y

M�exp�j
k

2d
��x − Msxm�2

+ �y − Msyn�2�	� � disk���r��
�exp�− j

k

2d
��x − Ms�xm�2 + �y − Ms�yn�2�	

�exp�− j2�Qx�. �8�

The Fourier transform of the third term, �T̃3�u ,���, is a
andpass of the object spectrum shifted by the carrier fre-
uency Q and placed at the left position of the central au-
ocorrelation term (−1 diffraction order for the holo-
raphic recording process).

T̃3�u,�� = K�� f̃�Mu +
MMs

�d
xm,M� +

MMs

�d
yn�

� FT−1�exp�j
k

2d
�x2 + y2��	�circ� �

��
��

� FT−1�exp�− j
k

2d�
�x2 + y2��	

� ��u + Q −
Ms�

�d�
xm,� −

Ms�

�d�
yn� , �9�

here K is a constant that also includes constant phase
actors, and f̃ is the Fourier transform of the input. Note
hat the fourth term in Eq. (7) is the complex conjugate of
he third term and has a similar meaning. The last delta
unction in Eq. (9) has the following meaning: It implies a
requency shift in the transmitted spectral bandpass nec-
ssary to guarantee the separation between the −1 dif-
raction order from the zero order; on the other hand, it
mplies additionally a slight frequency shift due to the dif-
erent position of the source in the 2D array �xm ,yn� af-
ected by the magnification factor Ms�. This fact will be
onsidered below. Now, if we put aside the convolution
ith delta in Eq. (9), the convolution between the two re-
aining terms must be analyzed separately. The first one

s related to the frequency band of the object spectrum
onvolved with the Fourier transform of a spherical phase
actor and is truncated by the pupil function (circ func-
ion) of the microscope objective, i.e., restricted to a
ircular-limited frequency extension in the Fourier do-
ain. Then this term is convolved with the Fourier trans-

ormation of another spherical phase factor, which has no
ffect outside the limited circular region. Thus, a combi-
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ation of the two spherical phase factors is possible inside
he pupil extension.

T−1�exp�j
k

2d
�x2 + y2��	 � FT−1�exp�− j

k

2d�
�x2 + y2��	

= FT−1�exp�j
k

2d� 1

d

1

d�
��x2 + y2��	 . �10�

The combined factor presented in Eq. (10) implies a de-
ocusing inside the limited region defined by the circ func-
ion of the corresponding frequency band and has to be re-
oved to perform a correct reconstruction. Note that if

he lens could be placed on the mask pinhole plane (acting
s a field lens), no defocusing effect would happened. To
emove this defocusing, we digitally multiply the recorded
ologram by the complex conjugate of the defocusing
pherical phase factor in Eq. (10), prior to its Fourier
ransforming. After removing the defocusing, the third
erm becomes

T̃3��u,�� = K� f̃�Mu +
MMs

�d
xm,M� +

MMs

�d
yn�circ� �

��
�	

� ��u + Q −
Ms�

�d�
xm,� −

Ms�

�d�
yn� . �11�

Equation (11) describes the information of the spectral
requency bandpass of the object spectrum transmitted by
he pupil microscope objective in the case of one source
entered at the �xm ,yn� position. The carrier frequency Q
s controlled by tilting the mirror of the reference beam
nd permits the separation of the bandpasses from the
rigin.

Now, if we consider all the illumination sources from
he 2D source array, the addition of the refocused third
erms gives

T�˜ 3
sum�u,�� = K�

m,n
�� f̃�M�u +

Ms

�d
xm�,

M�� +
Ms

�d
yn��circ� �

��
��

� ��u −
Ms�

�d�
xm,� −

Ms�

�d�
yn�	 � ��u + Q,��.

�12�

In Eq. (12), the term between square brackets repre-
ents different frequency bands of the object spectrum
ransmitted by the circ function. Those different fre-
uency bands are shifted by means of the convolution op-
rations according to distance d�, the magnifying factor

s�, and the bias carrier frequency Q. Note that the fre-
uency bands are centered at different positions than the
isplacements introduced by the delta functions. In the
ase that the lens acts as a field lens, the magnification
actors and the axial distances coincide (Ms�=Ms and d
d�); then the addition in Eq. (12) can be simplified to

T�̃3
sum�u,�� = Kf̃�Mu,M��SA�u,�� � ��u + Q,��, �13�

here
SA�u,�� = �
m,n

circ�u −
Ms

�d
xm

��
,

� −
Ms

�d
ym

��
� . �14�

Equation (14) represents a synthetic aperture, obtained
y adding the shifted versions of the circular aperture of
he system, analogously to Fig. 3(a). In practice, for the
xperimental parameters that we have used, the term

˜
3�

sum�u ,�� gives a first diffraction order frequency distri-
ution similar to the representation of Fig. 3(c); by per-
orming a digital stage of filtering and relocation of the
ifferent frequency bands it would be possible to obtain
ll terms overlapping at the desired locations yielding the
eneration of the desired synthetic aperture. Moreover,
igital processing is not time-consuming, as it involves
nly linear and simple calculations.

Nevertheless, to simplify the setup and to show the ca-
abilities of the presented approach, we have used a laser
s a point source and moved it to the off-axis positions se-
uentially. By the arrangement of the different frequency
ands in a second stage, the synthetic aperture is per-
ormed digitally and is depicted in Fig. 4. The size of the
mallest circles corresponds to the NA of the microscope
bjective (�� radius). The desired synthetic pupil (dashed
ircle line of 6�� diameter approximately) is almost cov-
red by a set of elemental apertures. The on-axis illumi-
ation pupil (dark gray in Fig. 4) is complemented with
ight additional shifted apertures. Four of them are ac-
omplished by source shifts in �X ,Y� orthogonal directions
medium gray level in Fig. 4). The other four pupils are
btained by off-axis illuminations for each oblique direc-
ion (light gray level in Fig. 4). The actual cutoff fre-
uency is increased to three times the conventional cutoff
requency of the microscope objective, resulting in a no-
able resolution enhancement when an inverse Fourier
ransformation is done to recover the superresolved ob-
ect.

One important advantage of this new superresolution
ystem, in comparison with those systems developed pre-

ig. 4. Synthetic aperture generation by the off-axis illumina-
ion used in the present approach. The different gray levels rep-
esent the frequency bandpasses. The dashed area shows a full
perture of width 6��.
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iously by us in Refs. 28 and 31, is, aside from the possi-
ility of obtaining a superresolution effect for a 2D object
n a single exposure, that the interferometric process is
erformed after the imaging system. Thus, the system
hows an easy and simplified configuration that may be
dapted for any practical microscopy systems because the
nterferometric setup is located between the microscope
ens and the CCD.

Further advantages are related to the possibility of
orking not only for real-valued objects but also for com-
lex or phase objects. Note that no assumption about the
roperties of the amplitude object f�x ,y� is made; so for
ny complex input distribution, the reconstruction of the
nput may be obtained.

. EXPERIMENTAL RESULTS
or the new proposed superresolution method we have
sed a 2D array source that consists of a point laser
ource with the possibility of lateral displacement. We
ave used a Nikon microscope objective with a NA of 0.1
nd 5� magnification. Note that a large working dis-
ance, as needed for many practical applications, is usu-
lly related to a low NA. A 532 nm wavelength laser is
sed as illumination. The laser beam is spatially filtered
roviding the point source necessary for the experiments
nd it is placed onto a motorized mechanical platform to
btain the off-axis illuminations in a sequential mode. In
ddition to the on-axis illumination, we have carried out
ight off-axis illuminations, as depicted in Fig. 4. The in-
ut object is a negative 1951 U.S. Air Force high-
esolution test. The microscope objective, as given by its
A, has a resolution spot size of 4.9 �m, which approxi-
ately corresponds to group 7, element 5 resolution in the

est target, when coherent illumination is used. This situ-
tion is shown in Fig. 5 where the low-resolution image
btained with the 0.1 NA objective is compared with a
igh-resolution image done by a Spindler & Hoyer micro-
cope objective with a 0.65 NA. The high-resolution image
s taken as a reference and it is captured at very different
maging conditions (magnification, working distance,
tc.,). Clearly, many spatial frequencies are not trans-
erred by the low-NA objective and a low-pass version of
he object test is obtained.

Then we perform the superresolving approach using
he recording of eight off-axis holograms and store this in
he computer memory. Taking into account the 0.1 NA of
he lens, four exposures along the X and Y axes are made
y shifting the source 11.5 deg with respect to the optical
xis. The four diagonal bandpasses require an angle of
.75 deg on both the X and Y axes. Although the process is
one sequentially, Fig. 6 depicts the image addition of the
ine recorded holograms in the Fourier transformation
eight off-axis illuminations and one on-axis case) show-
ng the ability of the present approach to work in one step
hen a pinhole mask is used. Note that the different fre-
uency bands are nonoverlapping due to the proper ad-
ustment of the reference arm lens. A lens �f�=100 mm�
ttached to the pinhole mask in the reference arm is used.
spherical phase factor [see Eq. (6)] has been multiplied

o each recorded hologram to focus the −1 order. However,
ecause the lens in the experimental setup is placed close
o the pinhole mask, the defocusing effect is almost negli-
ible. Note that the carrier frequency has been shifted
rom zero (tilting the reference mirror) to separate the
patial-frequency slot from the zero-order terms.

By a simple digital postprocessing operation, each of
he frequency bands of the −1 diffraction order is shifted
o the correct spectral positions and then all of them are
uperimposed to synthesize the desired synthetic aper-

ig. 5. (a) Image obtained with the 0.1 NA objective lens and co-
erent illumination. (b) High-resolution image obtained with a
pindler & Hoyer microscope objective with a 0.65 NA and coher-
nt illumination. Note that the resolution limit corresponds to
he rectangle shown in (a) and it implies a cutoff frequency of
03.0 line pairs/mm (group 7, element 5), which means a small-
st resolved detail of 4.93 �m.

ig. 6. Fourier transform of the addition of different recorded
olograms. The dc has been blocked to improve contrast.

Fig. 7. Resulting synthetic aperture.
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ure. An inverse Fourier transform yields the final super-
esolved image. Figure 7 shows the generated synthetic
perture where five of the partial bandpasses have been
arked with dashed circles for clarity. According to

heory, the resolution has been enhanced by a factor of 3
n both the horizontal and the vertical directions and by a
actor of 2.4 in the oblique directions. As a consequence,
he resolution spot size is reduced until it is 1.64 �m for
he horizontal and vertical directions, which approxi-
ately corresponds to the resolution limit given by group

, element 2 of the resolution test target (575.0 line
airs/mm frequency cutoff, 1.74 �m resolution limit). So
he resolution improvement implies a synthetic aperture
f approximately 0.32 synthetic NA. Figure 8 shows a
omparison between the image with the 0.1 NA objective
ens used in the conventional imaging [Fig. 8(a)], and
ith the suggested superresolving approach [Fig. 8(b)]. It

s evident that the improvement of resolution and the
esolution expected from the theoretical calculations are
ffectively obtained.

. CONCLUSIONS
n this paper we have presented a superresolving ap-
roach for digital holographic microscopy where the su-
erresolution effect is described in terms of a synthetic
perture generation. The basic idea is to superimpose
ultiple digital image holograms obtained using different

llumination point sources. Although the approach is dem-
nstrated experimentally by shifting a single point source
n sequential mode, the system can work in a single-
xposure approach using the illumination produced by a
D array of mutually incoherent sources. Thus, each
hifted illumination beam generates a shift in the object
pectrum in such a way that different spatial-frequency
ands are transmitted through the objective lens. An in-
erferometric setup after the microscope objective allows
he holographic recording process for each transmitted
requency band. An improvement resolution factor of 3 is
chieved, in comparison with the resolution of the tested
icroscope objective for a standard configuration.
One of the main advantages of our method is the pos-

ibility of recording all the holograms at once without any
hanges in the optical setup. The system, as compared
ith previous setups, is simple and robust because the in-

erferometric system is placed after the imaging lens and
he whole process is done on the image space. The ap-
roach does not require a high degree of temporal coher-
nce for the illumination system because the interfero-

ig. 8. (a) Image obtained with 0.1 NA lens and conventional il
ure. The group 9, element 2 corresponding to the resolution lim
etric imaging setup can be adjusted close to zero path
ifference; thus, low temporal coherent sources, such as
iodes arrays and high-powered VCSEL arrays with low
patial coherence, can be used as illumination sources.
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