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The lateral resolution in digital holographic microscopy (DHM) has been widely studied in terms of both
recording and reconstruction parameters. Although it is understood that once the digital hologram is
recorded the physical resolution is fixed according to the diffraction theory and the pixel density, still
some researches link the resolution of the reconstructed wavefield with the recording distance as well as
with the zero-padding technique. Aiming to help avoiding these misconceptions, in this paper we
analyze the lateral resolution of DHM through the variation of those two parameters. To support our
outcomes, we have designed numerical simulations and experimental verifications. Both the simulations
and the experiments confirm that DHM is indeed resolution invariant in terms of the recording distance
and the zero-padding provided that it operates within the angular spectrum regime.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Digital holographic microscopy (DHM) is a well-established
technique for MEMS evaluation [1-3], living cell screening [4-7]
and particle tracking [8-13]. Based on the original Gabor's idea
[14], DHM allows the retrieval of the complex wavefield scattered
by samples from variety of fields [15-18]. The capacity of retriev-
ing scattered complex wavefields powers DHM with the possibility
of performing quantitative phase imaging (QPI). As in any micro-
scopy technique, the lateral resolution has been a matter of great
interest; since the onset of DHM many works have been published
to master the spatial resolution of DHM and to find ways to im-
prove it [4,19-24].

DHM is a hybrid imaging technique that can be understood as
the application in cascade of two processes. The first stage is the
optical recording of a digital hologram. In this stage the sampling
frequency, the wavefield propagation, and interference phenom-
ena determine which spatial frequencies are recorded. The second
stage is the numerical recovery of the wavefield scattered by the
object. The combined performance of these two stages, de-
termines the spatial frequencies that compose the retrieved image,
namely the spatial resolution of the technique. According to the
classical definition in microscopy, the spatial resolution of a DHM
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is defined as the minimum distance between two point-objects
such that they are distinguishable in the image retrieved from the
hologram.

Although the conditions that allow DHM to operate in the
diffraction limit regime [19] have already been established, many
DHM systems do not operate in such regime and still remains
some controversy about their resolution limit. Two parameters
have been particularly studied: the recording distance [4,21,25]
and the zero-padding of the digital hologram prior to the nu-
merical reconstruction [21,26-29]|. For the former it has been
claimed [25] that out-of-focus holograms produce reconstructed
images with better resolution than in-focus holograms. For the
latter, zero-padding has been proposed as a method for controlling
the resolution of reconstructed images [26,27].

In this paper, we assess the spatial resolution of DHM in terms
of the recording distance and the zero-padding while the DHM
operates in the angular spectrum domain [30], in off-axis archi-
tecture and at non-diffraction limit regime [19]. Our study con-
firms that DHM is indeed resolution invariant in terms of the re-
cording distance and the zero-padding.

The paper is organized as follows: Section 2 reviews the basic
theory that is behind the recording and reconstruction stages in an
off-axis DHM. In Section 3, we define the resolution limit in DHM
and present a model for the evaluation of the lateral resolution.
The evaluation of the spatial lateral resolution as a function of the
recording distance is presented in Section 4. In Section 5 the ef-
fects of the zero-padding on the spatial lateral resolution of the
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Fig. 1. Scheme of an off-axis DHM. In a general case, the MO and the TL are ar-
ranged in non-telecentric mode.

DHM are evaluated. The studies in Sections 4 and 5 are performed
both numerically and experimentally. Finally, Section 6 is dedi-
cated to summarize the main achievements of our research.

2. Fundamental of off-axis DHM

DHM is a hybrid imaging technique based on two stages: the
optical recording of hologram and its numerical reconstruction. In
the case of the off-axis architecture, the reconstruction stage can
be performed after a single shot capture. As illustrated in Fig. 1, an
optical microscope, known here as the host microscope, is inserted
in one of the arms of a Mach-Zehnder interferometer. The light-
beam emitted by a laser of wavelength Ay impinges on a beam
splitter cube. One of the split beams illuminates the sample,
0O(x, y), which is set at the front-focal-plane (FFP) of the micro-
scope objective (MO). The image O(x, y) is then obtained at the
back-focal-plane (BFP) of the tube lens (TL). Commonly, this plane
is named as the image plane (IP) of the optical microscope.

The complex wavefield Up (x, ¥) produced by the microscope at
the IP can be computed by application in cascade of ABCD trans-
formations [31,32]. After regular algebra it is possible to obtain
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Fig. 3. Numerically-evaluated resolution limit vs. the recording distance for an off-
axis DHM system.
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where x = (x, y) are the transverse coordinates, ko = 2z/1¢ is the
wave number, and p(x) is the Fourier transform of the aperture
transmittance of the imaging system. The lateral magnification,
M = - f [fuo, does not depend on the distance, d, between the
MO, the BFP and the TL.

The distance d, however, is a relevant parameter in perfor-
mance of DHM, as shown recently [33,34]. In Eq. (1) we find a
quadratic phase term whose radius of curvature

fa
o —d @)

appears due to the use of the microscope in non-telecentric re-
gime (d # f; ). As direct consequence of this phase term, the DHM
becomes a shift-variant imaging system [22,33,34], with important
ruining effects in the QPIs.

The irradiance pattern recorded on digital camera is the result
of the interference between a tilted plane wave

C=

R@®) = [k exp(ik-x), 3)

(b) Resolution Limit

Fig. 2. Numerical test of the lateral spatial resolution. (a) Reconstructed image calculated from a simulated hologram of two points spaced 2a=0.6 um. (b) The same for two
points separated 2aj, =0.7 um. For the calculations we assumed a setup in which 1o=633 nm, M= —50, NA=0.55, f;; =200 mm, d =180 mm, z= +3 cm and N=1024 pixels.



A. Doblas et al. / Optics Communications 352 (2015) 63-69 65

with the Up (x) wavefield propagated by distance z from the IP

U, 2)= ie"‘oz{Um ®) @2 exp(ik—o |x|2)}.
Aoz 2z “4)
In Eq. (4), k=(k«, ky ) is the wave vector of the plane wave and k
its irradiance. Note that in Eq. (4) z < 0 refers to planes located in
front of the IP.
The irradiance pattern recorded by the sensor, called hologram,
is given by

Hx, 2)=U®, 2)2 + IR®)P + U, 2)R*x) + U*X, 2)R(X), (5)

where * is the complex-conjugate operator.

As clear from Eq. (5), the hologram is composed by four terms.
The first two terms do not carry any information about the phase
of the object and the angle of the reference wave. They produce,
when Fourier transformed, the zero-order of diffraction (usually
known as the DC term). The DC term is always placed at the center
of the Fourier transform of the hologram. The third and fourth
terms are identified as the +1 and —1 diffraction orders in the
Fourier domain, respectively, and encode the whole sample in-
formation, both in amplitude and phase. Due to the off-axis con-
figuration, the +1 and —1 diffraction orders are arranged sym-
metrically around the DC term in the Fourier space.

According to well-established reconstruction methods, the
object information can be obtained by spatially filtering out the
+1 term [35]. If the hologram, and therefore its Fourier transform,
is composed by N x N pixels, the cropped +1 term is formed by
L x L pixels. The value of L depends on different parameters [19],
but always satisfying that L < N/4 when the hologram is correctly

recorded. To calculate the reconstructed image, the L x L matrix is
placed at the center of a new matrix which is (N—L) x (N—L) zero-
padded. Then, by inverse Fourier transforming the new matrix, we
obtain the spatial filtered U (x, z). To reconstruct the image at the
IP, Up (%), it is necessary the application of well-known back-pro-
pagation algorithms [15-18].

3. Spatial lateral resolution in off-axis DHM

The spatial resolution limit in off-axis DHM must be defined as
in any conventional imaging technique; namely the minimum
distance between two object points of equal irradiance that pro-
duce two distinct reconstructed images. Since DHM is a hybrid
technique, the achievable spatial resolution does not depend only
on diffraction effects. To preserve the resolution imposed by the
host microscope, the DHM recording should be performed in such
a way that there is no overlapping between the DC term and the
+ 1 diffraction orders. In such case it is possible to filter out the
+1 order without losing spatial frequencies and without produ-
cing artifacts proceeding from the DC term [19].

To evaluate the resolution of a DHM, we consider an object
composed by two coherent point-sources separated by a distance
2a and placed symmetrically to the optical axis at the object plane.
Assuming in such case that

0@) = [l[6(X — a,y) +5(X + a, Y1, 6)

where [y is the source irradiance, we can rewrite Eq. (4) as

Fig. 4. Simulated images of an USAF chart: (a) modeled hologram recorded at z= —3 cm. (b)-(d) Reconstructed image for a hologram recorded: (b) z=—3 cm, (¢) z=0 cm
(IP), and (d) z= +3 cm. Yellow rectangles highlight the smallest resolvable element. The image area is 331 x 331 um?. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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The interference of this amplitude distribution with a reference
plane wave R(x) of the type of Eq. (3) produces the corresponding
hologram H (x, z) as given by Eq. (5). The modeled hologram is then
reconstructed to evaluate the achieved spatial resolution by means of
Sparrow's criterion [36]. According to the modified Sparrow criterion
[37], the resolution limit is defined as the distance, 2a;;,, between two
point-objects. This distance is obtained when the second derivative of
the intensity curve distribution vanishes at the midpoint between the
two images. Additionally, at this midpoint the first derivative of the
intensity curve should become also zero. Note that the latter statement
considers the possibility that the two points do not have the same
intensity. As illustrated in Fig. 2, panels (a) and (b) show an un-
resolved/resolved couple of point-objects. For (a)/(b) the first and
second derivatives were evaluated to follow Sparrow's metric.

In this work, the spatial lateral resolution in off-axis DHM is then
evaluated, both numerically and experimentally, as the recording
distance and the zero-padding are changed. Numerically, different
holograms are modeled following Eq. (7) and the above-described
Sparrow method applied. Experimentally, holograms of an USAF
test target 1951 are recorded and reconstructed; direct inspection of
the reconstructed images allows directly the evaluation of the
spatial lateral resolution performance in off-axis DHM.
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Fig. 6. Numerically-evaluated resolution limit vs. the different number of pixels
during the zero-padding operation for a hologram recorded at the IP.

4. Spatial lateral resolution vs. recording distance

The recording distance is one of the parameters set to vary the
spatial lateral resolution of off-axis-DHM [4,21,25]. In this section
we evaluate, both numerically and experimentally, how the re-
cording distance z of the digital hologram, varied within the an-
gular spectrum regime, can modify the spatial lateral resolution.

Fig. 5. Experimental images of a typical resolution test: (a) hologram recorded at z= —3 cm. (b)-(d) Reconstructed images for DHM: (b) z= —3 cm, (c) z=0 cm (IP), and (d)
z=+3 cm. The yellow rectangles highlight the smallest resolvable group. The image area is 331 x 331 um?. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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4.1. Numerical modeling

To face the numerical analysis we proceed as follows. First, we
set as input value for the separation between the two point
sources 2a=0.471o/NA [38], namely, the theoretical Sparrow re-
solution limit. Second, we compute the numerical hologram for a
given distance z. Third, we calculate the Fourier transform of the
hologram and crop the term to filter out the +1 diffracted order.
Then, the filtered +1 term is zero-padded around up to compose a
new matrix of N x N pixels. Finally, by performing the inverse
Fourier transform and applying a refocusing algorithm we ob-
tained the reconstructed image.

To apply the Sparrow criterion we build a 1D function with the
irradiance values in the line connecting the reconstructed point
sources, see Fig. 2. As this profile is composed by discrete values, we
use an interpolation method to create a continuous distribution.
Aiming to preserve the shape of the data, we use the piecewise
cubic Hermite interpolation (PCHIP) provided by Curve Fitting
Toolbox in Matlab®. Then we evaluate the first and second deriva-
tives at the midway point between the reconstructed points. If the
values of these derivatives are different from zero (Fig. 2(a)), then
we increase 2« in steps of 0.01 pm. The iterative process ends when
the first and second derivatives vanish, see Fig. 2(b).

Following this procedure we perform numerical experiments
considering three different MOs: (i) 2.5 x /0.075, (ii) 4 x /0.2 and
(iii) 10 x /0.45. For the three systems we have chosen the same TL,
fr=200 mm. The modeled digital holograms are calculated as-
suming Ao=633 nm and a CCD composed by of N x N=1024 x 1024
square pixels of 6.9 pm in side. In our calculations, we have also
assumed a non-telecentric arrangement with offset, f;; —d=20 mm.

(a)

The spatial lateral resolution was then calculated for holograms
recorded at: z=-3, -2, —1,0, +1, +2, +3 cm from the IP. Fig. 3
shows the computed values of the resolution limit for the three
imaging systems. We find that the resolution limit is affected very
slightly; while this variation is less than 2% for the 2.5 x MO, it is
less than 0.6% for the other MOs. Because the largest, indeed very
small, variation of the spatial lateral resolution as the recording
distance varies is observed for the 2.5 x MO, the further analysis is
carried out with this imaging system.

To compare the numerically-evaluated and the experimental re-
sults we have also performed a numerical experiment using the USAF
chart as the object. In this simulation, the imaging system was com-
posed by the 2.5 x MO and the TL of f;; =200 mm. Fig. 4 depicts a
modeled hologram and the reconstructed images obtained for differ-
ent recording distances, z. In panel (a) we show the modeled out-of-
focus hologram for a recording distance of z= —3 cm. In panels from
(b) to (d) are the reconstructed images for z=—3 cm, z=0 cm (IP),
and z=+3 cm, in that order. The yellow rectangles highlight the
smallest resolved element for each image. Clearly, no variation of the
resolution limit in terms of the recording distance is observed. These
results mean that the very small variation on the spatial resolution as
the recording distance varies, as observed in Fig. 3 for two point
sources, is not observable as a real object is imaged. The experimental
results of the following section will help us to clarify this point.

4.2. Experimental evaluation
Using a setup equivalent to the one sketched in Fig. 1 we have

recorded the experimental hologram of an USAF resolution chart
illuminated with a monochromatic plane wave produced from a

Fig. 7. Simulated images of an USAF chart: (a) in-focus hologram. (b)-(d) Reconstructed absolute amplitude for a DHM applying zero padding: (b) K=N=1024, (c) K=1536
and (d) K=2048. Smallest resolvable group is marked by a yellow rectangle. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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He-Ne laser (A=633 nm). Again, the DHM was built with a 2.5
x [0.075 MO and a TL of f;; =200 mm. Besides, the DHM system
also operated at non-telecentric regime with an offset of
fri—d=20 mm. Experimental holograms were acquired on a CCD
sensor with 1024 x 1024 square pixels of 6.9 pm in side. To adjust
the object and the reference intensities a neutral-density filter was
inserted at the reference arm.

Seven experimental holograms were recorded at equally-space
distances around the IP, from z= —3 cm to z= +3 cm. Particularly,
the experimental out-of-focus hologram recorded at z=-3 cm
from the IP is shown in Fig. 5(a). After applying the reconstruction
process, we obtained the reconstructed images in Fig. 5(b)-(d).
From these panels one can see that the spatial lateral resolution
does not vary as the recording distance is changed. The yellow
squares, which highlight the smallest resolved details, are placed
over the same elements of the resolution target, see panels from
(b) to (d). These experimental results coincide with those modeled
in the previous section and illustrated in Fig. 4.

Both, the numerical and experimental results, show no varia-
tion of the achieved spatial resolution in off-axis DHM as the re-
cording distance changes. These results allow the stating that off-
axis DHM is a resolution-invariant imaging system as the record-
ing distance varies.

5. Spatial lateral resolution vs. zero-padding
As stated above, the zero-padding technique has been proposed

as a method to control the resolution limit in DHM [21,26-29]. In
the sense of modifying the spatial resolution via the zero-padding,

the latter is understood as the use of a new matrix of K x K pixels,
being K> N, to perform the spatial filter of the +1 term. In this
section, we examine the dependence of the resolution limit on the
zero-padding technique. Similarly to Section 4, this evaluation is
performed both numerically and experimentally. Because in the
above section we have found that the largest variation on the
spatial resolution is observed when a 2.5 x MO is used, in this
study on the zero-padding we use the same objective. Ad-
ditionally, once the invariance of the spatial lateral resolution with
the recording distance has been shown, the study in this section is
limited, without lack of generality, to holograms recorded at the IP.

5.1. Numerical modeling

Performing the same numerical procedure described in Section
4, now the Sparrow's resolution limit of a DHM is studied as a
function of the size of the new matrix, K x K. Particularly, the
lateral resolution is calculated for five different sizes of the new
matrix: K=1024 (K=N), 1280, 1536, 1792 and 2048 pixels.

The modeled results are illustrated in Fig. 6. Numerically we
observe that the spatial lateral resolution is very slightly increased,
less than 3%, by increasing the number of pixels of the new matrix
for performing the spatial filter. As a consequence of this result, we
have then the need of investigating if that order of variation can be
observed in an imaging system when imaging a real object rather
than ideal point-sources. To attempt this evaluation we have nu-
merically modeled the imaging of a USAF 1951 test chart in our
off-axis DHM. Using the modeled in-focus hologram (see Fig. 7(a)),
we have varied the size of the new matrix K from K=N=1024
pixels to K=2048 pixels. The modeled reconstructed images are

Fig. 8. Groups 6 and 7 of a negative 1951 USAF resolution chart: (a) experimental hologram recorded at the IP. (b)-(d) Reconstructed absolute amplitude images for DHM
applying zero padding: (b) K=N=1024, (c) K=1536 and (d) K=2048. Smallest resolvable group is marked by a yellow rectangle. (For interpretation of the references to color

in this figure, the reader is referred to the web version of this article.)
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shown from Fig. 7(b) to (d). The smallest resolved element of each
panel is marked by a yellow rectangle. From this figure, it is clear
that no change of the resolution limit has been detected by varying
the zero-padding size as a real object is imaged.

5.2. Experimental evaluation

To study experimentally the resolution limit as a function of
different sizes of the zero-padding operation, we used the experi-
mental in-focus hologram shown in Fig. 8(a). Panels from (b) to
(d) in Fig. 8 illustrate the reconstructed images as the value of K
ranges from 1024 pixels to 2048 pixels. Again, yellow rectangles
highlight the smallest resolvable elements. Evidently, the experi-
mental resolution limit of the DHM is not modified by increasing K.

From the numerical and experimental results obtained in this
section, we can conclude that the lateral resolution in off-axis
DHM is not modified by the zero-padding operation. This result is
compatible with the ones reported by Picart et al. [21]. Therefore,
off-axis DHM can be also claimed as resolution-invariant imaging
system in terms of the zero-padding operation.

6. Conclusions

The lateral resolution in off-axis DHM has been discussed in
terms of the recording distance and the zero-padding technique in
the angular spectrum regime. We have numerically and experi-
mentally verified that neither the recording distance nor the zero-
padding modify the spatial resolution of DHM. For an off-axis DHM
operating in the angular spectrum and the non-diffraction limit
regime, the changes in the recording distance are not large enough
to introduce merging of the + 1 diffraction orders with the zero-
order which definitely would alter the spatial resolution of the
DHM. For the same regime of operation, we have shown that zero-
padding does not control the resolution capability of the off-axis
DHM. Using zero-padding operation, the resolution remains un-
affected. This operation only changes the effective pixel size, namely
a magnification operation is performed with the zero-padding. The
findings reported here contribute to consolidate the DHM as a
microscopy technique with no variance on its spatial resolution as
regard with the operation parameters and the user expertise.
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