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We present an experimental setup useful for complex amplitude evaluation and phase image quantifica-
tion of three-dimensional (3-D) samples in digital holographic microscopy (DHM). It is based on a com-
mon-path interferometric configuration performed by dividing the input plane in two contiguous regions
and by placing a translation grating near to the Fourier plane. Then, complex amplitude distribution of
the sample under test is recovered with phase-shifting standard method obtained by moving the grating
using a linear motion stage. Some experimental results of an USAF resolution test are presented for dif-
ferent numerical aperture (NA) microscope lenses. In a second part, the proposed setup is tested under
superresolution purposes. Based on the object’s spectrum shift produced by off-axis illumination, we
use time multiplexing to generate a synthetic aperture enlargement that improves the final image reso-
lution. Experimental results for the case of a biosample (human red blood cells) and a commercial low NA
microscope lens validates the suggested superresolution approach.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Visualization and characterization of an object’s complex ampli-
tude distribution is an open and highly attractive topic in applied
optics. As examples, many contributions have been presented
along the years in fields such as phase object imaging [1–5], wave-
front and phase aberration sensing [6–10], and characterization of
flow turbulences [11–14]. Anyway, quantitative and/or qualitative
phase determination becomes the starting point of any involved
analysis. But due to fact that phase distribution can not be imaged
directly, additional methods are needed to show such optical phase
distribution.

Two classical techniques are widely used to image phase ob-
jects: phase contrast methods [1–3] and interferometry [16]. With
modern development of electronic devices such as detectors, for
instance CCD sensors, digital holography has become in a practical
powerful tool for analysis and quantification of phase samples [4–
10]. In particular, a highly attractive interferometric configuration,
named as common-path interferometry (CPI), provides signifi-
cantly increased environmental stability and decreased system
complexity in comparison with other interferometric architec-
tures. CPI setup can be viewed as a classical Mach–Zehnder config-
uration with the particularity that both imaging and reference
ll rights reserved.

.es (V. Mico).
beams share the same optical path. CPI is a well-known technique
mainly proposed to perform phase disturbances visualization [16–
20]. On its classical configuration [16–18,20–22], a 4F imaging pro-
cessor allows access to the system’s Fourier plane where a certain
spatial filter, ranging from a diffraction grating to a nonlinear med-
ium, is placed. Such spatial filter is used to convert the phase dis-
tribution at the 4F imaging processor output plane into image
contrast and, as a consequence, the phase distribution of the object
under test is visualized.

But the previous methods [16–20] do not provide phase values
of the two-dimensional (2-D) imaged phase distribution: they only
show a qualitative analysis of the 2-D phase disturbance. To allow
phase quantification and then to have access to the 3-D profile of
the sample, we need to perform either off-axis holographic record-
ing [4–5,8–10] or phase-shifting recording [6,21–22] between both
interferometric beams. In particular, phase-shifting procedure [23–
24] uses both an in-line recording setup to increase the fringe spac-
ing and phase-shifting of the reference beam to evaluate directly
the complex amplitude at the CCD plane and to completely elimi-
nate the conjugates images.

In this paper, we first present an extremely simple experimental
setup in CPI configuration useful to recover the sample’s complex
amplitude distribution by applying phase-shifting method. To do
this, we divide the input plane into two contiguous regions in a
similar way than in Ref. [20–22] and we place a Ronchi ruling grat-
ing in the proximity of the system’s Fourier plane. In our setup we
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shift the usability of the system to microscopy fields, by using a
microscope objective as imaging system instead of thin lenses as
in all the previous references [16–22]. So, the proposed approach
is experimentally validated in DHM field where different micro-
scope lenses with different NA values are compared. After that,
the capabilities of the presented configuration are investigated in
the field of superresolution when low NA microscope lenses are
used. Let us now introduce a few lines providing a general back-
ground on time multiplexing superresolution to better define the
scope the paper.

It is well known that the resolving power of imaging systems is
limited by three main factors: diffraction, finite size of the detector
pixel and noise [25]. Thus, the resolution limit of an imaging sys-
tem imposed by diffraction can be defined as proportional to the
wavelength (k) of the illumination light and inversely proportional
to its NA [26]. In other words, each imaging system provides a cut-
off frequency in the Fourier domain (defined from its NA and the
illumination k) which limits the spatial-frequency content of the
object’s image providing a limited resolution image. In that sense,
the aim of superresolution effect can be understood as the genera-
tion of a synthetic aperture that expands up the cutoff frequency of
the imaging system [27–40]. The improvement is performed with-
out any physical changes in the imaging optical system itself: it is
done by encoding–decoding the optical information in the input
object taking into account analysis of degrees of freedom provided
by information theory [41–43] and a priori knowledge about the
object [44–45].

In that sense, we had extended the usage of CPI to the field of
time multiplexing far-field superresolution in DHM [34]. The CPI
architecture was performed by placing a reference grating in part
of the field of view in the object plane, that is, in side-by-side con-
figuration with the object at the input plane. Thus, providing colli-
mated off-axis illumination onto the input plane, both additional
frequency band-passes of the object’s spectrum and a reference
beam are diffracted on-axis towards the microscope lens passing
through it. After that, the additional frequency band-pass is recov-
ered using off-axis holographic recording at the image plane per-
formed by a second grating. However, a higher carrier frequency
is needed at the CCD plane to avoid overlapping of the different
hologram diffraction orders just to allow the recovery of the ob-
ject’s complex amplitude band-pass. Now, our new proposed setup
improves the performance of the experimental configuration pre-
sented previously in Ref. [34] due to the use of phase-shifting in-
stead of off-axis recording. Because the limitation of off-axis
methods comes from the spatial separation of diffraction orders,
phase-shifting in on-axis recording permits the use of the whole
Fig. 1. Proposed common-path phas
frequency plane. Thus, the overall reconstructed image is no longer
limited by the presence of the zero diffraction order and its conju-
gate image. As no carrier frequency is needed, the space-band-
width product of the imaging system is optimized with respect
to the bandwidth of the recorded band-pass.

In the two parts of this paper, that is, experimental validation of
the proposed setup and its extension to superresolution, the quan-
tification of the object’s phase distribution implies 3-D information
of it. As the object used in the first paper part is a real planar object
(USAF test), no 3-D profile is needed. On the other hand, for a
biosample superresolution, the quantified superresolved phase
distribution allows 3-D representation of the sample under test
(where the z-axis is connected to the thickness of the sample).

The paper is organized as follows. Sections 2 and 3 provide a
qualitative and mathematical analysis of the proposed setup,
respectively. Section 4 shows experimental results for a planar
USAF resolution test target and three different microscope objec-
tives in order to validate the proposed approach in DHM. After that,
Section 5 includes an experimental validation of the presented set-
up where DHM superresolution is obtained using a phase object
biosample. And finally, Section 6 concludes the paper.

2. Optical experimental configuration: an intuitive
interpretation

The basic optical system setup is depicted in Fig. 1 where a single
on-axis point source (vertical cavity surface emitting laser – VCSEL)
is used as divergent spherical illumination in the experimental
setup. Two contiguous regions placed in side-by-side configuration
compose the input plane. For the first part of the presented paper,
the input plane is composed by the sample under test (USAF target)
and a hollow area (white square in Fig. 1) at its left side. In this con-
figuration, a microscope lens images the input plane amplitude
distribution onto a CCD. Placed after the microscope lens, a one-
dimensional (1-D) grating (named from now on as imaging grating)
allows the digital holographic recording by mixing both reference
and imaging beams at the CCD plane.

Unlike in Ref. [34], now the imaging grating is placed at the im-
age plane of the point source through the microscope lens (Fig. 2),
that is, at the system Fourier plane. This fact means that no carrier
frequency is produced at the CCD plane during the holographic
recording process. Then, when the imaging grating is not placed
just at the Fourier plane, it provides a virtual source placed out
of the optical axis for each one of its diffraction orders. Fig. 2 de-
picts this situation while considering three diffraction orders.
Moreover, due to the spherical divergent illumination instead of
e-shifting interferometric setup.



Fig. 2. Conceptual difference between the proposed experimental setup and Ref. [34]. The red circles at the Fourier plane represents the virtual sources provided by the fact
that the imaging grating is not placed at the system Fourier plane and has three diffraction orders. (For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)
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collimated one [34], the system Fourier plane is moved far from the
microscope lens in comparison with the position of such plane
when collimated illumination is used (back focal point of the lens).
However, as the NA of the microscope lens increases, the distance
from the lens rear mount to the Fourier plane decreases. This
means that the proposed setup has a final limitation regarding
the NA of the imaging lens in order to place the imaging grating
just at the Fourier plane. Let us call such limit as NA threshold value.
After such NA threshold value, the imaging grating will provide
interferometric fringes at the CCD plane in a similar way than in
Ref. [34]. But for low and medium NA microscope objectives, the
proposed setup is still valid because of the imaging grating is
placed at or near the Fourier plane. But even in the latter case,
the generated fringe pattern is still resolved by the CCD pixel size.

In this configuration, by placing the CCD just at the position
where direct object imaging is produced (no deviation by the imag-
ing grating is introduced) and by properly selection of the imaging
grating period, zero order imaging beam and first order reference
Fig. 3. Reference and imaging beam ray tracings in the proposed setup. At the CCD, -1 dif
holographic recording.
beam overlap. The situation is depicted in Fig. 3. Then, if no moving
parts are considered, a digital in-line hologram is recorded at the
CCD. But applying subperiod shifts to the imaging grating, the
overall phase of the recorded hologram changes. And this is
the aim of phase-shifting methods. By placing the imaging grating
onto a linear motion stage, we can move it and record a set of holo-
grams with known phase step in order to apply standard recon-
struction algorithms to recover complex amplitude distribution
of the object under test.

For the superresolution validation of the proposed setup, two
considerations must be introduced in the experimental setup
shown in Fig. 1. First, a diffraction grating (named as reference grat-
ing) is placed at the input plane in the object’s contiguous window.
The aim of the reference grating is to provide on-axis diffracted ref-
erence beam for the holographic recording when off-axis illumina-
tion will be considered. And second, the single VCSEL source is
laterally displaced in order to provide sequential off-axis illumina-
tion at proper angles. Notice that this fact is not a restriction
fraction order and zero order for reference and imaging beam respectively performs
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because a 2-D VCSEL array can be used matching the specifications
needed. In that sense, the presented approach performs superreso-
lution by time multiplexing (the process is performed in sequential
mode) and with field of view restrictions (part of the input plane is
occupied by the reference grating).

In our superresolution experiment, we use a 1-D grating as ref-
erence grating and by rotating it, we ensure on-axis reference
beam for each oblique illumination angle when 2-D frequency
space coverage is aimed for. As off-axis illumination shifts the ob-
ject’s spectrum, an imaging beam carrying an additional spatial-
frequency band is now diffracted on-axis and can pass through
the system aperture. The only condition to fulfill is that the oblique
illumination angle is well adjusted with the NA of the microscope
lens and the basic frequency of the reference grating. Similar
phase-shifting recording process than that performed when on-
axis illumination is considered allows the recovering of such
additional frequency band-pass of the object’s spectrum. Thus, it
is possible to extend up the cutoff frequency of the limited system
aperture after applying a digital post processing stage in which
each one of the 2-D recovered frequency bands are assembled into
one. This means the generation of a synthetic aperture that ex-
pands the 2-D frequency space coverage of the microscope lens. Fi-
nally, a superresolved image can be recovered by simple Fourier
transformation of the previously generated synthetic aperture.

3. Mathematical analysis of the optical setup

In order to provide a simple theoretical analysis, the optical sys-
tem depicted in Fig. 4 is considered. Notice that the only difference
between setups shown in Figs. 1 and 4 is the image magnification
of the microscope lens. Also, a 2-D VCSEL array representing all the
possible off-axis illuminations and a reference grating having dif-
fraction orders for every oblique illumination are considered just
to describe a generalized setup. In this configuration, spherical
point illumination incoming from a 2-D VCSEL source array illumi-
nates the input plane in sequential mode. Eq. (1) provides the
amplitude distribution at the input plane after being illuminated
with a given spherical source that is originated at a point of coor-
dinates (xS, yS) of the source plane and at z-distance in front of the
input plane [34]
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being t(x,y)= |t(x,y)|exp(iu0(x,y)) the object’s complex amplitude
distribution function defined from |t(x,y)| and u0(x,y) as its real
amplitude and phase distributions respectively, (x,y) the spatial
coordinates, k is the wave number of the illumination wavelength,
(n, m) the diffraction orders of the 2-D generalized reference
grating, (Cn, Cm) and m0 are the amplitude coefficients and the basic
Fig. 4. Simplified optical setup used to analyze the ma
frequency of the 2-D reference grating in both x and y-directions,
respectively. rect is the rectangle function that limits the sizes of
the object and the reference grating positioned at the input plane
as it can be seen in Fig. 1. Obviously, the rectangle that limits the
extension of the input object is centered at l0 position while the
corresponding to the reference grating is placed at �l0 position
(both have the same Dl height and width).

Then, the first lens in Fig. 4 performs Fourier transformation of
the input amplitude distribution onto its focal image plane, where
a 1-D imaging grating is placed. The amplitude distribution at the
system Fourier plane equals to

UFPðu; vÞ ¼ FTfUIPðx; yÞgcirc
q
Dm

� �X
p

Bp expfj2ppm0ug ð2Þ

where (u,v) are the spatial-frequency coordinates, q is the polar
coordinate in the frequency domain that is defined as
q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p

. The circ function represents the limited system’s
aperture with a width of Dm, and (BP,m0) are the amplitude coeffi-
cient and the basic frequency of the imaging grating, respectively.
After that, a second Fourier transformation is performed between
the Fourier plane and the output plane. Leaving aside constant fac-
tors, the final amplitude distribution at the output plane is propor-
tional to

UOPðx0; y0Þ ¼ UIPð�x0;�y0Þ � diskðDm rÞ �
X

p

Bpdðx0 � pkFm0Þ ð3Þ

being disk (Dm, r) the point spread function (PSF) of the 4F processor
defined from the first order Bessel function as disk ðDmrÞ ¼ J1ð2pDmrÞ

Dmr , r
the polar coordinate that is defined as r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x02 þ y02

p
, and kF the

scale factor of the second Fourier transformation.
As in Ref. [34], we must properly adjust the off-axis positions

(xS, yS) of the point sources with the basic frequency (m0) of the ref-
erence grating and with the radius (Dm) of the system’s aperture.
Assuming this is accomplished (see Ref. [34]), the most important
fact in Eq. (3) is the last convolution with the delta function incom-
ing from the imaging grating. This convolution means that the
transmitted band-pass image is replicated at the output plane. To
allow correct overlapping between imaging and reference beams,
it is necessary that

m0 ¼ 2l0

kF
ð4Þ

that is, the separation between the replicas generated by the imag-
ing grating at the output plane must be equal to the separation be-
tween the two regions that compose the input plane. In the case of
using a microscope lens instead of a unit magnification imaging sys-
tem, the magnification power or the microscope lens must be taken
into account. In any case, Eq. (4) defines the basic frequency of the
1-D imaging grating.

In this configuration and as it can be seen from Fig. 3, the CCD
images an on-axis hologram where no bias carrier frequency
between both interferometric beams is generated. In order to
recover both amplitude and phase distributions of the transmitted
frequency band-pass, a phase-shifting method is applied. Concep-
thematical foundation of the presented approach.
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tually and under these conditions, the intensity distribution re-
corded at the CCD at a given instant t and due to a generic point
source originated at (xS, yS) position comes from the addition of
the imaging beam (band-pass image selected by such source con-
volved with the PSF of the imaging system) and an on-axis refer-
ence beam due to the imaging grating

IOPðx0; y0; tÞ ¼ tð�x0;�y0Þej2p
kz ½xSx0þySy0 �

� �
� diskðDm; rÞ þ Cej½/Sðx;yÞþ/mðtÞ�




 


2
ð5Þ

being C a constant related to the real amplitude of the reference
beam, /S the initial phase difference between imaging and refer-
ence beams which is directly related with the transmitted phase
distribution of the object due to the source placed at (xS, yS), and
/m the linear phase increment introduced in time between two sub-
sequent intensity images. Notice that linear phase variation in time
is assumed and the spherical phase factor, common to both interfer-
ometric terms and related with the divergence of both beams, has
been removed. Also, as the object’s amplitude distribution function
t(x,y) is complex, both amplitude and phase distributions of the in-
put object are limited by the PSF of the imaging lens.

As the time dependence of the recorded intensity can be ex-
pressed as a function of the intensity image number m multiplied
by the phase step between two consecutive images (um = muK) and
taken the different intensity distributions in time sequence, Eq. (5)
can be rewritten as
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where A(x, y) is representative of the object image intensity plus a
constant given by the reference beam, and B(x, y) is coming from
the real part of the object amplitude distribution
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Then, by using phase-shift algorithm and computing the different
intensity distributions stored by the CCD, it is possible to recover
each transmitted phase distribution /S(x,y) of the input object due
to each (xS, yS) illumination source [15]. In particular, we have ap-
plied a method that takes into account m intensity images in one
phase-shift period and permits the recovering of the initial phase
distribution according to

/Sðx; yÞ ¼ Arg
Xm

i¼1

Iiðx; yÞ exp �j
2p
m
ði� 1Þ

� �( )
ð8Þ

This procedure allows us to recover the phase distribution, and
therefore the object’s complex amplitude, of each one of the fre-
quency bands transmitted through the system’s aperture when illu-
mination incoming from the position (xS, yS) in the 2-D VCSEL array
is considered. For validating the proposed setup as common-path
phase-shifting DHM, only on-axis illumination provided by a point
source placed at (xS, yS) = (0, 0) is considered.

On the other hand and for the superresolution implementation,
different off-axis source positions must be lighted on in sequential
mode and every frequency band-pass must be sequentially recov-
ered. After that and by properly placing them on its original posi-
tion, a wider spectral content of the object can be fully
reconstructed in terms of synthetic aperture generation. Thus, pro-
vided that there will be a diffraction order in the 2-D reference
grating for each 2-D VCSEL source position, any synthetic aperture
can be shaped.

4. Experimental results: validation of the proposed setup

In order to check the capabilities of the presented experimental
setup, different commercial microscope objectives have being used
in the proposed configuration. We present images for three differ-
ent microscope lenses: a 0.1NA Nikon lens, and a 0.28NA and
0.42NA long working distance infinity corrected Mitutoyo lenses.
A VCSEL source array with (k = 850 nm, ±15� beam divergence)
provides on-axis illumination for the experiments. The central
high-resolution part of a positive USAF test target is used to com-
pare the results. Fig. 5 depicts, for each microscope lens, a set of 4
holographic images obtained using a CCD camera (Kappa DC2,
12 bits, 1352 � 1014 pixels with 6.7 lm pixel size). As imaging
grating, we used a 1-D Ronchi ruling grating (80 lp/mm) and it is
placed on a motorized linear translation stage. Then, a displace-
ment on the grating of 12.5 lm implies a complete phase cycle
in the recorded hologram.

The grating motion steps produced in the image sequence pre-
sented in Fig. 5 correspond with a shift of 3.125 lm between two
consecutive images. In this case, the imaging grating displacement
is equivalent to a phase step of p/2 radians. As the imaging grating
can be placed just at the Fourier plane in the first two cases, we can
see that the recorded holograms have no carrier frequency. But this
is not the case of the 0.42NA lens where the Fourier plane is inside
the microscope objective itself. In this case, the imaging grating
was placed in close contact with the microscope lens and, even
so, a fringe pattern is still obtained for the sequence of recorded
holograms.

Now, if we take a look in the Fourier domain of one hologram
for each lens case (see Fig. 6), we will see that, for the two first
cases, the zero order term and the two holographic images are cen-
tered at the Fourier domain and overlaps. In the case of the 0.42NA
lens, the resulting fringe pattern introduces a carrier frequency
that shifts the diffraction orders. So, phase-shifting method is still
needed to recover complex amplitude distribution of the object.
For a given range of higher NA lenses, the diffraction orders will
be non-overlapping and holographic recording in off-axis mode
will be produced. In such case, there is no need to apply phase-
shifting because the first diffraction order can be filtered and the
object’s complex amplitude distribution obtained (this is the case
of Ref. [34]).
5. Experimental results on superresolution of phase samples

With the modifications that were previously commented in Sec-
tion 2, the proposed common-path phase-shifting interferometric
setup is investigated for superresolution imaging purposes. We se-
lect as object a biosample of fixed human red blood cells. The
erythrocytes slide is stained using a specially prepared mixture
of methylene blue and eosin in methanol (Wright stain). Once
again, a single VCSEL source placed onto a 2-D linear motion stage
is used to illuminate the system. A low NA lens (0.1NA Nikon lens)
is used to show the capabilities of the superresolution effect. No-
tice that using higher divergence sources, the procedure is suitable
to be applied onto higher NA lenses whenever the condition that
the imaging grating can be placed near the Fourier plane will be
fulfilled.

In order to obtain a superresolution effect not only in the verti-
cal and horizontal directions but in the full 2-D frequency space,
the reference grating is rotated to match its orientation with the
oblique illumination. As reference grating, we used a 1-D Ronchi
ruling grating with a basic period of 5 lm (200 lp/mm). The



Fig. 6. Fourier transformation of the first image of each row in Fig. 5 for the three microscope lenses analyzed: (a) 0.1NA, (b) 0.28NA, and (c) 0.42NA. The DC terms in (c) have
been blocked to enhance the image contrast.

Fig. 5. CCD recorded holograms for 0.1NA (upper row), 0.28NA (medium row) and 0.42NA (lower row) microscope lenses. The phase-shifting effect can be seen from left to
right images for each lens case. In the 0.42NA lens, the region marked with a white rectangle is enhanced to show the fringe shift between images.
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off-axis illumination angles produced in our experiment was
near 10� for every oblique incident direction. This means that a
quasi-contiguous frequency band is on-axis diffracted through
the system aperture because the angle defined by the NA of the
microscope lens is 5.74� (that is, near the half angle of the off-axis
illumination). So, a resolution gain factor close to 3 will be
achieved in every off-axis illumination direction.

Phase-shifting process is achieved by storing holograms each
with the phase-shift due to a linear shift of 0.5 lm. As the period
of the imaging grating is 12.5 lm, 25 consecutive images (captured
with the same CCD model than in that one used in Section 4) will
be considered in a full cycle when phase-shifting algorithm is used
to recover each one of the frequency band-passes. The exposure
times for the different off-axis illuminations were 11 ms for the
central band and 44 ms for the off-axis bands. Fig. 7 images the
eight off-axis frequency bands recovered after apply phase-shifting
procedure (eight exterior rectangles marked with white line) and
the SA (central part) that is generated by replacing the different
frequency bands. Obviously, a central band-pass is also recovered
using on-axis illumination.

As the tilted illumination angle is not twice the half angle de-
fined by the NA of the lens, the off-axis frequency bands will con-
tain a portion of the central one. We should note this fact due to
the high intensity region at the adjacent border in all the single ele-
mentary pupils depicted in Fig. 7 with respect the central fre-
quency band. This overlapping avoids the achievement of a
resolution gain factor of 3 but allows the full 2-D frequency space
coverage without remaining of any uncovered regions between the
different frequency bands.

The replacement of each elementary pupil to its original posi-
tion in the object’s spectrum is performed in two basic steps. First,
by measuring the illumination angle of each tilted beam (initial
calibration stage), we know the general shift that must be applied
at the Fourier domain to each elementary pupil in order to bring
back. And second, fine linear phase factor addition over each single
pupil allows a final accurate adjustment of the position of each ele-



Fig. 7. The eight off-axis frequency bands (exterior rectangles) and the synthesized extended aperture (central part of the image).
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mentary pupil in the synthesis of the SA. Notice that no equaliza-
tion is performed between the different recovered frequency
bands: the synthetic aperture is the addition of the nine single pu-
Fig. 8. (a) Low-resolution complex amplitude image recovered using phase-shifting
respectively. (d) Superresolved complex amplitude image using the proposed approach,
white scale bars in (a) and (d) are 50 lm.
pils. Thus, a final high quality superresolved image is obtained by
Fourier transformation of the information contained in the SA.
Fig. 8 shows the superresolved images in comparison with the
and on-axis illumination, and (b) and (c) its real part and phase distributions,
and (e) and (f) its superresolved real part and phase distributions, respectively. The



Fig. 9. Unwrapped phase plots corresponding with red and blue lines in Fig. 7c and f.

Fig. 10. 3-D representations of the unwrapped phases corresponding with red and blue lines in Fig. 7c and f for the cases of (a) low-resolution image and (b) superresolved
image. Color bars represent optical phase in radians. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this
article.)
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low-resolution ones. An impressive superresolution effect can be
observed where one may see the thinner area in the center of each
red blood cell. This area, observed as a black point, is originated by
deviation of the light at the center of the cells due to the typical do-
nut-like shape of the red blood cells.

Theoretically, the resolution limit of the 0.1NA lens is 8.5 lm for
the 850 nm wavelength. According to the size of the red blood cells
(between 6 and 8 lm in diameter), this resolution capability it is
not high enough to visualize the biosample [see Fig. 8a]. Moreover,
the cells are on the resolution limit of the microscope lens. Due to
the off-axis illumination, the synthetic NA (SNA) generated using
this approach is defined as SNA = NAsource + NAobjective ffi 0.27. This
means that the theoretical resolution limit of the synthetic imaging
system is 3.1 lm and it enables image formation of the cells [see
Fig. 8d].

In our experimental configuration, the field of view that can be
imaged at the input plane by the biosample is 0.6 � 0.45 mm while
for normal imaging the field of view would be twice this size. This
reduction comes from the need to cover the input plane by the ref-
erence grating.

Fig. 91 plots the unwrapped sections of the phase distributions
corresponding with the red and blue lines of the dashed red and
blue rectangles included in Figs. 8c and f. One may see as in the
1 (For interpretation of the references in colour in this figure legend, the reader is
referred to the web version of this article.)
low-resolution phase distribution plot (red line), the slope of the
plot is lower than in the high-resolution case (blue line). This
means that the phase slope is steeper in the high-resolution case,
that is, the phase distribution is also superresolved. Moreover,
the central peak in the high-resolution plot represents the donut-
like shape that cannot be appreciated in the low-resolution case.
This effect is more evident in the images shown in Fig. 10 where
a three-dimensional (3-D) representation of the unwrapped phase
distribution is depicted for comparison between the low-resolu-
tion (conventional) image and the superresolved image obtained
using the proposed approach. The represented areas are also the
same ones considered in Fig. 9.

6. Conclusions

A new setup has been proposed that relies in the usage of an ul-
tra-simple new configuration aimed to achieve phase-shifting in
common-path interferometric configuration and applied to DHM
as first time. The interferometric architecture has a minimum of
optical elements in the experimental setup. Experimental valida-
tion suggests that the method can be applied for low and medium
NA microscope lenses. The setup has the advantage that no high
frequency pattern is produced at the detector plane (optimizing
then the used space-bandwidth product of the detector) while
the imaging grating could be placed close to the system Fourier
plane. Then, phase-shifting method allows holographic recording
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in or approximately on-axis mode. As a consequence, the experi-
mental setup becomes easy-to-configure and it is useful for imple-
mentation in microscopes having low and medium NA lenses
where only simple modifications are required.

The fact that the illumination used in this paper is spherical
rather than collimated has a double meaning. On one hand, it re-
duces the number of optical elements simplifying the final exper-
imental setup. And on the other hand, it allows the usage of not
only low NA lenses but also medium NA ones because the system’s
Fourier plane is shifted back the microscope lens in comparison
with its position using collimated illumination.

In a second part, the proposed approach has being tested under
superresolution aims. While in Ref. [34] we had used a synthetic
object (USAF test target) to show the resolution improvement, in
the presented paper we have used phase objects (human red blood
cells) as biosample. This fact validates the new approach, as well as
Ref. [34], to provide 3-D quantitative retrieval of phase objects.

Although a circular synthetic aperture is experimentally dem-
onstrated by rotating the 1-D reference grating, it is possible to
generate any synthetic aperture shape by substituting the 1-D ref-
erence grating by a 2-D one with the appropriate grating frequen-
cies depending on the aimed aperture. In that sense, if a 2-D
holographic grating is placed at the input plane (as in Ref. [34]),
cross-shaped pupil and square aperture can be generated by pro-
viding cross-shape and square shape off-axis illumination beams
onto the input plane, respectively.

In the presented superresolution validation, off-axis illumina-
tion allows the transmission through system’s aperture of new
additional frequency band-passes that are not transmitted in a
conventional illumination mode. The oblique illumination is per-
formed using a single VCSEL element which is moved to off-axis
positions. This procedure is equivalent to having an array of coher-
ent sources that are incoherent one with each other. This VCSEL ar-
ray allows recording of each band-pass in a short time due to its
high optical power per every emitter. Additionally, the digital post
processing associated with the generation of the superresolved im-
age is simple and fast, as it only requires simple and linear digital
operations.

Other advantages of the proposed setup come from the com-
mon-path interferometric architecture; the imaging and the refer-
ence beams follow nearly the same optical path providing to the
experimental setup two main advantages: On one hand, the insta-
bilities of the system, due to mechanical or thermal changes on
both optical paths, do not affect the obtained results. On the other
hand, low coherence length light sources are suitable to be used as
illumination.
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