
www.elsevier.com/locate/optcom

Optics Communications 276 (2007) 209–217
Synthetic aperture microscopy using off-axis illumination
and polarization coding

Vicente Mico a, Zeev Zalevsky b, Javier Garcı́a c,*

a AIDO, Technological Institute of Optics, Colour and Imaging, C/. Nicolás Copérnico, 7-13 Parc Tecnològic 46980 Paterna, Valencia, Spain
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Abstract

A new method to improve the resolution of optical imaging systems beyond the classical Rayleigh resolution limit is presented. The
technique relies on synthetic aperture generation in three stages. The first one (encoding stage) uses an illumination procedure that com-
bines both on-axis and off-axis illumination beams with different polarization states onto the object. After the imaging system, a second
stage (decoding stage) allows the recovering of the encoded spatial-frequency object information by means of an interferometric config-
uration based on the polarization coding carried out in the previous stage. Finally, a third stage (digital post-processing stage) is used to
generate a synthetic aperture that is three times larger than the conventional aperture of the imaging system. The whole process allows us
to obtain a superresolved image of the object. Experimental implementation of the approach for a commercial microscope objective is
presented.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The ability to improve the limited resolving power of
optical imaging systems imposed by the wave nature of
light has been widely studied throughout the years [1–20].
Due to the band limitation of imaging in terms of spatial
frequencies, every optical system provides a limited spatial
resolution that is defined by its numerical aperture (NA)
and the illumination wavelength. Thus, the maximum lat-
eral resolution that can be achieved by an optical system
in air is k/2 that corresponds with a NA equal to 1. More-
over, imaging systems with NA approaching unity are
costly and not always practical (depending on the applica-
tion). For this reason, many efforts have been made to
improve the resolution without changing the physical prop-
0030-4018/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.optcom.2007.04.020

* Corresponding author. Tel.: +34 96 354 46 11; fax: +34 96 354 47 15.
E-mail address: javier.garcia.monreal@uv.es (J. Garcı́a).
erties of the optical imaging system: this is the aim of the
superresolution techniques.

Great progress have been attained in superresolution
methods applied to improve the resolution beyond the dif-
fraction limit. Examples that overcome this limitation were
given in near-field microscopy [1–4], stimulated emission
depletion [5], structured illumination and patterned excita-
tion [6–8], and saturable optical fluorescence microscopy
[9–11].

Basically, the superresolution effect can be understood
as a synthetic enlargement in the optical system aperture
that improves the resolution of the optical system in com-
parison with the resolution presented by the same optical
system without applying the superresolution approach.
This task can be performed by an encoding–decoding pro-
cess of the spatial-frequency object information that per-
mits the passage of this additional information through
the limited aperture of the imaging system. To understand
this point, it is necessary to make use of the information
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Fig. 1. Illumination system (encoding stage).

210 V. Mico et al. / Optics Communications 276 (2007) 209–217
theory [12–14] that gives us an invariance theorem of the
number of degrees of freedom of any optical system. After
this invariance theorem, it is possible to improve the spatial
bandwidth at the expense of another unused degree of free-
dom of the optical system, provided that some a priori
information about the object is known. Some examples
of this a priori information are that the object may be
approximately time independent [15–17], polarization inde-
pendent [18,19], mono-frequency (k-independent) [20], or
one dimensional [21]. The corresponding degree of freedom
is thus used for enhancing spatial resolution.

Time multiplexing is a well-known approach used to
obtain superresolution and can be implemented in a variety
of ways [15–17,22]. The basic idea dates back to Françon
[15] in 1952 and his idea is the root of today’s confocal
scanning microscopes. This temporal approach is based
on synchronized moving pinholes, one over the object
and another one in the image plane through an optical
imaging system. Some years later, Lukosz [16] replaced
the scanning pinholes by synchronized moving gratings,
alleviating the low light efficiency problem and, therefore,
reducing the long integration times of the Françon
approach. The Lukosz approach had been accepted as
the cornerstone of the time multiplexing superresolution
and many modifications of the basic approach had been
proposed over the years [22].

Another way to perform the Lukosz idea is thinking in
terms of tilted beams. The key idea consists in observing
the equivalence between a diffraction grating and a set of
tilted beams (on-axis and off-axis beams) with the same
propagation angles than those diffracted by the grating.
Thus, in a similar way as in the Lukosz systems, the off-axis
illumination is used to shift the high-frequency components
of the object spectrum to low-frequency components in
such a way that they can pass through the aperture of
the system. After that, an interferometric recording is
needed to shift back these transmitted object spectrum
components toward their original location.

Bearing in mind this analogy, many methods [23–31]
involving off-axis illumination, interferometric image plane
recording and post-processing stage had been developed to
achieve superresolution effect with temporally restricted
objects in fields such as microscopy and lithography.
Recently, Mico et al. [31] had implemented an approach
in which a set of off-axis illumination beams impinges the
object with the primary advantage that the full interfero-
metric configuration is after the microscope lens. One of
the interferometric arms is spatially filtered using a pinhole
array in such a way that the DC of each tilted illumination
beam is selected and they serve as the set of tilted reference
beams. The method exhibits an improvement factor in res-
olution close to three with coherent illumination as well as
a reduction in the sensitivity of the system to vibrations
and/or thermal changes. But the gain in resolution is sub-
ordinated to the transmission of the zero frequency of the
object spectrum by the microscope lens, that is, it is a func-
tion of the specific optical design of the microscope lens
that has been used. The present paper generalizes the
approach shown in Ref. [31] with resolution improvement
that is not limited by the specific microscope lens design.

The paper is organized as follows: Sections 2 and 3 give
preliminary and theoretical analyses of the experimental
setup, respectively. In Section 4 experimental results and
the reconstruction process are presented. Section 5 con-
cludes the paper.

2. Experimental configuration

The method presented here involves the generation of a
synthetic enlargement in the aperture of a microscope lens
that is achieved by means of three stages. In the following,
some explanations about these three stages are described in
detail.

The first stage is related with the illumination distribu-
tion produced onto the object, the encoding stage. A sketch
of the encoding stage is depicted in Fig. 1. A non-polarized
laser beam is directed onto a first one-dimensional (1D) dif-
fraction grating. The 1D grating splits by diffraction the
incoming beam in n different beams according to the dif-
fraction angles specified in the grating equation, which is
a function of the grating period and the illumination wave-
length. For simplicity, we assume that the first 1D diffrac-
tion grating has three diffraction orders (0 and ±1 orders).
This assumption is realistic taking into account the large
angles of the diffracted beams that will be used (as will be
shown in the experiments). Owing to this separation it is
simple to block the undesired orders. The three laser beams
are directed towards the object. Without any other
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element, only the zero order would reach the object in the
imaging region of interest. But due to the reason that the
second 1D grating has a lower basic period and is placed
at off-axis position, a second tilted laser beam can impinge
the object by properly adjusting the axial position of both
1D diffraction gratings according to their diffraction
angles.

To complete the encoding stage, a linear polarizer is
introduced to define a horizontal polarization state of the
on-axis illumination (zero order beam of the 1D first dif-
fraction grating). This fact is represented by means of a
horizontal arrow in Fig. 1. The significance of this polarizer
will be understood in the decoding stage (Fig. 3). With this
configuration, two beams illuminate the object region of
interest simultaneously: the on-axis illumination beam with
horizontal polarization state, and the off-axis non-polar-
ized illumination beam with a h tilt angle with respect to
the on-axis beam. Assuming that the grating periods are
significantly larger than the wavelength (condition that will
be fulfilled in our experiments), the polarization does not
play a significant role in the diffraction by the gratings.

By properly selecting the positions and the basic periods
of both 1D gratings, the illumination angle h of the off-axis
beam can be adjusted to be twice the angle defined by the
NA of the microscope lens. In this situation, a contiguous
frequency band of the object spectrum passes through the
limited aperture of the microscope lens. This effect is pro-
duced only in one dimension because the gratings are 1D
and the configuration is static. For this reason, the resolu-
tion is near to be tripled only in one direction: the one
defined by the off-axis illumination beam. To ensure off-
axis illumination at the specific h angle in a two-dimen-
sional (2D) configuration, both 1D gratings are placed in
rotatable holders which must be moved synchronously to
ensure off-axis illumination onto the object. The previous
procedure must be repeated for each frequency band that
we want to obtain.

An off-axis illumination angle h twice the one defined by
the NA of the microscope lens enables to triple the resolu-
tion. This implies that a contiguous frequency band of the
Fig. 2. Definition of the off-axis illumination angle to triple the cut-off frequen
and (b) 2D case with circular CTF.
object spectrum passes through the limited aperture of the
microscope lens. This is shown in Fig. 2, where the coher-
ent transfer function (CTF) of the imaging system is repre-
sented with a grey rectangular slot (Fig. 2a) and with a grey
circle (Fig. 2b) for 1D and 2D cases, respectively. Naming
Dm the cut-off frequency of the imaging system, we must
illuminate the object with an off-axis beam in order to
downshift the contiguous frequency band inside the limited
system aperture and ensure its transmission through it.
This condition is completely fulfilled when the off-axis illu-
mination beam has a carrier frequency foff equal to
foff ¼ 2Dm, or in other words foff ¼ sin h

k ¼ 2Dm ¼ 2 NA
k which

means that h ¼ arcsinð2NAÞ.
In a strict way, the off-axis illumination angle h must not

be equal to twice the angle defined by the NA but for low
numerical apertures it means a good approximation. In our
case (0.14 NA), the ideal off-axis illumination angle must
be 16.1� but the real angle is approximately 16�. So, a
quasi-contiguous frequency band is processed.

The second stage, called decoding stage, is depicted in
Fig. 3 and it enables us to recover each one of the fre-
quency bands that had been transmitted through the
microscope lens aperture for each one of the off-axis illumi-
nation beams. The setup is based on a Mach–Zehnder
interferometer [31] that provides the complex amplitude
recording needed for the synthetic aperture system. Behind
the microscope objective, a polarizing beam splitter (PBS)
splits the imaging beam into two polarized beams. The
reflected beam with vertical polarization state (represented
by a dot in the right branch in Fig. 3) allows image forma-
tion of the object onto the CCD after reflection in mirror
M1. We call this branch as imaging arm. In the transmitted
beam with horizontal polarization state (represented by a
horizontal arrow in the left branch in Fig. 3), some ele-
ments are introduced to perform optical image processing.
This branch is called reference arm. In the following, we
explain in detail the configuration of the reference arm in
this new superresolution technique.

The PBS allows the transmission of light with horizontal
polarization state, that is, the on-axis beam and part of the
cy of the conventional imaging system: (a) 1D case with rectangular CTF,



Fig. 3. Interferometric configuration (decoding stage).

Fig. 4. Synthetic aperture generation (digital post-processing stage).
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off-axis beam, which is non-polarized. After the PBS, a first
lens, called condenser lens, images the transmitted object
spectrum that is composed by the addition of a central part
(due to the on-axis beam) and a lateral frequency band
(due to the off-axis beam). If a pinhole is placed at the cen-
ter of this image plane, coinciding at the axial position of
the central part of the object spectrum, only its DC term
will be transmitted. This procedure gives a uniform refer-
ence beam by spatial filtering that can be used to perform
the interferometric recording in the CCD plane. A second
lens, called focusing lens, is introduced to compensate the
curvature difference in the optical beams transmitted by
both interferometric arms, allowing the holographic
recording of the exact Fourier transform of the object. This
lens could be avoided but a digital compensation of this
spherical phase factor would be needed for each recorded
hologram (see Ref. [26]).

At this point, two beams having orthogonal polarization
states are directed towards the CCD by the action of a non-
polarized beam splitter. To mix these polarization states in
order to perform hologram recording, one can introduce a
half wave plate at one of the interferometric arms provided
that the optical wave plate axis is fixed to 45�. Instead of
using the half wave plate, we use a linear polarizer placed
in the reference arm the transmission axis of which forms
45� with the horizontal polarization state of the reference
beam. Notice that by a slight rotation of the transmission
axis, this polarizer helps us to maximize the visibility of
the fringe pattern recorded at the CCD. Additionally,
another linear polarizer with vertical transmission axis is
placed in the imaging arm to increase the vertical polariza-
tion degree of the imaging beam after reflection at the BPS.
Thus, by tilting the mirror M2, an off-axis digital hologram
of the transmitted frequency band due to the off-axis illu-
mination can be recorded. Repeating this process in
sequential mode for different positions of the 1D gratings
in the encoding stage enables us to recover each frequency
band transmitted by the microscope lens provided that the
tilt introduced is large enough to move aside the first dif-
fraction order from the zero order in the hologram. Notice
that no changes are introduced in the on-axis beam for the
different off-axis recordings, so the reference beam is
always present over the CCD to allow the holographic
recording.

With this procedure, a set of quasi-contiguous frequency
bands that implies additional information about the
high-frequency content of the object can be sequentially
recovered. To perform recording of the on-axis transmitted
frequency band (central part of the object spectrum), only
the on-axis illumination beam is sent onto the object. Then,
the recovering of the central frequency band is performed
by slightly rotating the first polarizer placed in front of
the object in order to produce imaging and reference beams
with the same frequency band in the decoding stage. This
procedure cannot be made for the off-axis illumination
cases because the intensity of the transmitted frequency
band is not enough to synthesize reference beam using spa-
tial filtering.

After the overall recording process is completed, a digi-

tal post-processing stage is needed. This third stage involves
an inverse Fourier transformation of each of the recorded
hologram, and a filtering and centering process of each
one of the first diffraction hologram order to its proper
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position in the original object spectrum. This results in the
generation of a synthetic aperture as depicted in Fig. 4.
Finally a direct Fourier transformation of the previous cen-
tered spectrum outputs the superresolved image.

Note that the use of a given grating frequency with dif-
ferent angles provides band-passes that are equally sepa-
rated from the zero frequency spot. This arrangement of
elementary pupils to build the synthetic aperture is not
the only one. A different number of band-passes can be
obtained at the expense of a higher number of exposures,
and thus, total exposure time. A further increase of resolu-
tion would need a second grating with a higher period to
cover a second outer ring in the frequency space.

3. System analysis

Let us now focus on the mathematical foundation using
diffraction analysis of the experimental setup presented in
Figs. 1 and 3. For the sake of simplicity, some implicit con-
siderations about the experimental setup will be assumed.

The central band-pass can be recorded by slightly rotat-
ing the encoding polarizer. This action permits the passage
of light through both arms in the decoding stage. When off-
axis illumination is used, the imaging arm of the interfero-
metric decoding stage provides the band-pass image of the
object. Then, in both cases and under Fresnel approxima-
tion, the amplitude distribution at the image plane incom-
ing from the imaging arm of the interferometric system is a
scaled version of the input object, which is multiplied by
the corresponding collimated beam and convolved with
the point spread function (PSF) of the imaging system

U Im
CCDðx; yÞ ¼ f � x

M
;� y

M

� �
ej2pðmmxþmnyÞ

h i
� diskðDmrÞ

n o
ej k

2z0ðx
2þy2Þ

ð1Þ

where ðx; yÞ are the spatial coordinates at the output plane,
M is the image magnification, ðmm; mnÞ the carrier frequency
of the used illumination beam in the ðX ; Y Þ axis, and
k ¼ 2p=k the wave number. We will assume that the coher-
ent transfer function of the system is a circular aperture
with radius Dm, that is, circðq=DmÞ, and q is the radius in
the spatial frequency domain. Thus, the PSF is its inverse
Fourier transformation that we will denote as
diskðDm � rÞ, where r is the radial coordinate in the output
plane defined as r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
. Although the illumination

used in the presented approach is collimated, a phase factor
coming from the change in convergence introduced by the
microscope lens is introduced in the image (last term in Eq.
(1)). The distance z 0 is the distance between the axial point
at the focal image plane of the microscope lens and the ax-
ial point at the image plane.

Let us now evaluate now the amplitude distribution
incoming onto the CCD from the reference arm. Because
of both the polarization coding and the on-axis illumina-
tion, the intensity of the transmitted beam in the PBS is
high enough to perform a spatial filtering process. The con-
denser lens performs the image of the amplitude distribu-
tion formed in the image focal plane of the microscope
lens, allowing us to place a pinhole in this image plane to
extract the DC term. Thus, the amplitude distribution
incoming from the reference arm can be summarized by
an on-axis delta function at the pinhole plane. This point
source emits a divergent illumination beam that is modified
in divergence by the focusing lens (see Fig. 3). By means of
an experimental adjustment of the axial position of the
focusing lens, the image of the pinhole can be axially
shifted up to the image focal plane of the microscope lens.
Then, the divergence of both interferometric beams is made
equal and the holographic recording will exhibit no spher-
ical component in its carrier. In conclusion, the amplitude
distribution incoming from the reference arm is propor-
tional to

URef
CCDðx; yÞ ¼ ej k

2z0 ½x
2þy2�þj2pQx ð2Þ

where an additional linear phase factor, expfj2pQxg, play-
ing the role of a carrier with frequency Q is introduced by
tilting the mirror M2. Note that we assume that the focus-
ing lens does not trim the reference beam.

Thus, the overall amplitude that impinges on the CCD
comes from the addition of Eqs. (1) and (2), and it gives
the following intensity distribution that can be separated
in four terms named as T 1ðx; yÞ; T 2ðx; yÞ; T 3ðx; yÞ and
T 4ðx; yÞ, respectively

ICCDðx; yÞ ¼ U Im
CCDðx; yÞ þ U Ref

CCDðx; yÞ
�� ��2

¼ 1þ U Im
CCDðx; yÞ

�� ��2 þ U Im
CCDðx; yÞ U Ref

CCDðx; yÞ
� ��

þ U Im
CCDðx; yÞ

� ��
URef

CCDðx; yÞ
¼ T 1ðx; yÞ þ T 2ðx; yÞ þ T 3ðx; yÞ þ T 4ðx; yÞ ð3Þ

Eq. (3) represents the hologram recorded on the CCD
for each one of the illumination codings produced onto
the object. In the reconstruction procedure, we perform
digitally an inverse Fourier transformation of Eq. (3) to
analyse each term separately. We name ðu; vÞ as the spatial
frequencies in 1/pixels units corresponding to a digital Fou-
rier transformation. The first term, T 1ðx; yÞ ¼ 1, is constant
and its Fourier transform, [eT 1ðu; vÞ] is just a delta function
centred at the origin. The second term, T 2ðx; yÞ, is the inten-
sity of the recorded image. Thus, its Fourier transform
[eT 2ðu; vÞ], is also centred at the origin, with a width that
doubles the original band-pass of the system.

The third and fourth terms in Eq. (3) contain the infor-
mation about the phase and the amplitude of the object.
The third term is

T 3ðx; yÞ ¼ f � x
M
;� y

M

� �
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� diskðDmrÞ
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The Fourier transform of the third term, [eT 3ðu; vÞ], rep-
resents a band-pass of the object spectrum shifted by the
carrier frequency Q and placed at the left position of the
central autocorrelation term (�1 diffraction order for the
holographic recording process)
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eT 3ðu; vÞ ¼ K ~f ðMu;MmÞ � dðu� mm; v� mnÞ
� �

� circ
q
Dm

� �n o
� dðuþ Q; vÞ ð5Þ

where K is a constant which also includes constant phase
factors, and ~f is the Fourier transform of the input. Note
that the fourth term in Eq. (4) is the complex conjugate
of the third term and has a similar meaning. The last delta
function in Eq. (5) implies a frequency shift in the transmit-
ted spectral band-pass necessary to guarantee the separa-
tion between the �1 diffraction order from the zero order
of the recorded hologram and can be controlled by tilting
the mirror M2 in the reference arm.

Eq. (5) describes the information of the spectral fre-
quency band-pass of the object spectrum transmitted by
the microscope objective for a certain illumination beam
defined by ðmm; mnÞ. It must located far enough from the
zero order of the recorded hologram to avoid overlapping
with the zero order term. Taking into account that the first
order is 2Dm wide and the zero order is 4Dm, a separation of
3Dm suffices. In the image domain this corresponds to a car-
rier frequency with period smaller than three times the
plain image resolution spot size. On the other hand, the
maximum separation is given by the Nyquist sampling rate
so that the carrier frequency should be such that its period
of the interferogram is larger than two pixels.

The term in square bracket in Eq. (5) implies a shift in
the object spectrum according the illumination beam used
in the encoding stage. In other words, this is equivalent
to produce the shift not in the object spectrum but in the
circular aperture. Thus, Eq. (5) can be rewritten as

eT 3ðu; vÞ ¼ K ~f ðMu;MmÞ circ
q
Dm

� �
� dðu� mm; v� mnÞ

h in o
� dðuþ Q; vÞ ð6Þ

Eq. (6) allows us to identify the synthetic aperture as the
expression in square brackets, obtained by sequentially
recording the different holograms by repositioning the 1D
diffraction gratings at the encoding stage

SAðu; vÞ ¼ circ
q
Dm

� �
�

XN

m;n¼1

dðu� mm; v� mnÞ
" #

ð7Þ

In the presented approach, we perform eight off-axis
illuminations recordings, aside the on-axis one, yielding
an octagonal shape synthetic aperture (see Fig. 4). The size
of the smallest circles corresponds to the NA of the micro-
scope objective (Dm radius). The desired synthetic pupil
(dashed circle line of 6Dm diameter approximately) is
almost covered by the set of elemental apertures. The on-
axis illumination pupil (dark gray in Fig. 4) is comple-
mented with eight additional shifted apertures, all of them
quasi-contiguous to the on-axis one. Four of them are
accomplished by off-axis illuminations in ðX ; Y Þ orthogonal
directions (medium gray level in Fig. 4). The other four
pupils are obtained by off-axis illuminations for each
oblique direction (light gray level in Fig. 4). The actual
cut-off frequency is increased to three times the conven-
tional cut-off frequency of the microscope objective result-
ing in a notable resolution enhancement when an inverse
Fourier transformation is produced to recover the superre-
solved object.

One important advantage of this superresolution
approach is that the system transmits both interferometric
beams through the microscope lens without penalty in the
field of view and the system becomes robust because the
holographic interferometric recording setup is done after
the microscope lens. Moreover, the system ensures the
transmission of the reference beam (on-axis illumination)
for every off-axis beam used in the illumination procedure
with independence of the specific optical design of the
microscope lens. Further advantages are related to the pos-
sibility to work not only for real valued objects but also for
complex or phase ones. Note that no assumption about the
properties of the amplitude object f ðx; yÞ is made, so for
any complex input distribution the reconstruction of the
input may be obtained.

4. Experimental results

For the new proposed superresolution method we have
used a laser source (532 nm wavelength) as illumination.
We have used a long working distance Mitutoyo infinity
corrected microscope objective with 0.14 NA and 5· mag-
nification. The collimated laser beam emitted by the laser
source is directly directed towards the first 1D grating,
which has a period 12.5 lm (80 lp/mm basic frequency)
and is placed on a rotatable platform with its rotation axis
aligned with the optical system axis. The zero and +1 first
diffraction order are used as illumination beams onto the
object. The zero order beam impinges directly the object
after passing through a linear polarizer with horizontal
transmission axis and the +1 diffraction order is used to
perform off-axis illumination onto the object.

At the appropriate distance, a second 1D diffraction
grating is placed onto another rotatable platform to allow
off-axis illumination onto the object. The period of the sec-
ond grating is 1.7 lm approximately (600 lp/mm basic fre-
quency) and the illumination angle with respect the on-axis
beam (angle h in Figs. 1 and 3) is 16� approximately. This
tilted illumination beam ensures that a quasi-contiguous
frequency band of the object spectrum will be transmitted
through the microscope lens aperture. Note that 16�
implies an illumination angle that is near to double the
angle defined by the NA of the microscope lens
(NA = 0.14 ) h0 = 8.05�). Thus, by positioning in
sequence the rotatable platforms of both 1D diffraction
gratings in a set of eight different positions with 45� angular
separation between consecutive positions, we will cover the
full 2D space of the available off-axis illumination beams
onto the object.

After the microscope lens, a polarizing beam splitter
allows us to separate the imaging beam from the reference
beam. The reference beam is condensed over a pinhole by a
lens with 100 mm focal length. The pinhole has a diameter



Fig. 5. Low resolution quality image.

Fig. 6. Different off-axis recorded holograms and its Fourier transformation: o
and (d)), and off-axis vertical illumination ((e) and (f)). The inset included in (
fringes can be observed.
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of 10 lm. After the pinhole, a second lens with 80 mm focal
length is placed to compensate the divergence difference
between both interfering beams. Due to the horizontal
polarization state of the reference beam, a linear polarizer
with 45� transmission axis is placed after the focusing lens.
The imaging beam is vertically polarized due to the reflec-
tion in the BPS and it is directed towards the CCD after
reflection in mirror M2 and after passing through a linear
polarizer with vertical transmission axis. This vertical pola-
rizer ensures the complete extinction of the reference beam
because the PBS does not extinguish completely the hori-
zontal polarization state of the reference beam.

The on-axis frequency band recording is obtained by
providing only on-axis illumination onto the object and
n-axis illumination beam ((a) and (b)), off-axis horizontal illumination ((c)
a) case shows a magnified portion of the image where the interferometric



Fig. 7. Generated synthetic aperture (a) and superresolved image (b).

216 V. Mico et al. / Optics Communications 276 (2007) 209–217
by slightly rotating of the transmission axis of the linear
polarizer placed in the zero order of the first 1D grating.
In addition to the on-axis illumination we have carried
out eight off-axis illuminations in sequential mode to gen-
erate an octagonal synthetic aperture as depicted in
Fig. 4. This particular arrangement and number of off-axis
illuminations was chosen as a tradeoff between total image
capture time (proportional to the number of exposures)
and the coverage of the frequency space. A smaller number
would result in significant uncovered regions in the spec-
trum. Less exposures could be made starting with a smaller
angle for the off-axis illuminations (larger overlapping of
the elementary pupils), but at the expense of a smaller res-
olution enhancement. The exposure time for each of the
holograms is about 15 ms and the overall recording process
can be done in a few seconds. The input object is a negative
1951 USAF high resolution test. Fig. 5 shows a low resolu-
tion image of the test target obtained with the 0.14 NA
objective. Clearly, many spatial frequencies are not trans-
ferred by the low NA objective and a low pass version of
the object test is obtained. The resolution spot size of the
microscope lens is 1.74 lm when coherent illumination is
used, which corresponds to ‘‘Group 8, Element 2’’ resolu-
tion in the test target.

Then, we perform the superresolving approach using the
recording of nine off-axis holograms. Fig. 6 shows the holo-
gram for the on-axis illumination and its Fourier transfor-
mation, and two holograms and their Fourier transforms
corresponding to the off-axis illumination exposures along
the X and Y directions. The holograms have a noticeable
coherent noise due to dust, multiple reflections, and diffrac-
tion patterns coming from the borders of the elements (off-
the-shelf equipment). This can be greatly reduced in a real
application by the use of a closed dust-free enclosure and
elements specifically matched for the application in size
and antireflection coating. After the nine off-axis holo-
grams are recorded and stored in the computer memory,
each of the frequency bands of the �1 hologram diffraction
order is shifted to its correct position in the spectrum.
Then, all of them are superimposed to synthesize the
desired synthetic aperture. An inverse Fourier transform
yields the final superresolved image. Fig. 7 shows the gen-
erated octagonal synthetic aperture and the superresolved
image, showing an improvement in resolution close to three
for every object direction. As a consequence, the resolution
spot size is reduced until 0.58 lm, which enable us to
resolve the finest detail given by ‘‘Group 9, Element 3’’
of the Resolution Test Target (645 lp/mm cutoff frequency,
0.775 lm resolution limit). So, the resolution improvement
implies a synthetic aperture of approximately 0.45 SNA
(Synthetic Numerical Aperture). As previously com-
mented, the image is affected by some coherent noise, due
to system imperfections and the typical ringing due to
coherent imaging with sharp edge pupils is also visible.
These artifacts do not impede to observe a close to three-
fold resolution improvement.

Although the microscope magnification is 5·, we have
introduced a higher magnification (26· approximately) in
order to avoid aliasing problems in the recording process
at the CCD. Thus, no geometrical limitations are presented
in the resolution limit and only diffraction is degrading the
final quality image. Exactly, the smallest period of the
USAF resolution test is 1.55 lm (Group 9, Element 3)
and we use six pixels of the CCD camera to image this fin-
est structure. So, we are above the Nyquist limit.

5. Conclusions

In this paper, we have described a superresolving
approach for digital holographic microscopy where the
superresolution effect is described in terms of a synthetic
aperture generation. The synthetic aperture is generated
by means of different frequency bands of the object spec-
trum that are sequentially obtained using off-axis illumina-
tion and polarization coding produced in an initial
encoding stage that serves to illuminate the object. Recov-
ery of each individual frequency band is possible using an
optical decoding stage in interferometric configuration after
the microscope lens that allows holographic recording pro-
cess for each transmitted frequency band. A final relocation
process of each frequency band to its original position in the
object spectrum is produced in a third post-processing dig-
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ital stage. From an implementation point of view, the
method requires a separate exposure with rotation of the
illumination system for every elementary pupil that will
compose the synthetic aperture. With our standard mechan-
ical equipment, this fact adds a bias time of less than one
second to the global exposure time, and could be reduced
with a specific equipment. The processing for each exposure
(Fourier transform, relocation of the proper diffraction
order and addition) does not add any significant time over-
head to the implementation and can be performed in a reg-
ular computer. An improvement resolution factor of three
is achieved, in comparison with the resolution of the tested
microscope objective for a standard configuration.

One of the main advantages of the presented method is
that the transmission of the imaging and reference beam is
produced without reduction in the field of view of the
microscope lens due to the encoding–decoding stage. On
the other hand, the resolution improvement achieved in
the presented approach is not dependant on the microscope
objective optical design and the zero order (responsible for
the reference beam in the interferometric setup) is always
transmitted. Thus, a gain factor of three in resolution can
be achieved for every microscope objective that has low
and medium NA if the 1D diffraction gratings of the encod-
ing stage are adjusted to produce the required illumination
angle onto the object. The use of off-axis beams happens
only prior to the sample (not inside the microscope inter-
ferometer itself). Thus, the system does not suffer the
vignetting problems of other systems. The illumination sys-
tem is based only on diffraction rulers and thus, vignetting
can also be eliminated on this stage. Moreover, the system,
as compared to previous setups, is simple and robust
because the interferometric system is placed after the imag-
ing lens and the whole recording process is done on the
image space.
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