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1. INTRODUCTION

Image diversity is an important requirement for a successful
implementation of the Fourier ptychographic microscopy
(FPM) technique [1,2]. FPM is based on the collection of sev-
eral low-resolution images obtained by illuminating the sample
from different directions [1-5]. FPM is a phase-recovery im-
aging technique [6—14] that can produce images with a reso-
lution better than the Rayleigh resolution limit 4/(2NA,),
where A is the wavelength in a vacuum of the light used for
imaging, and NA,, is the numerical aperture of the microscope’s
objective lens [1,3]. Originally, FPM was first developed assum-
ing that the incident illumination originates from a single di-
rection at a time [1-5]. This may be very time-consuming since
several images need to be collected. A natural solution to speed
up the process was to illuminate the sample simultaneously
from multiple directions; as such, a FPM phase-recovery algo-
rithm capable of illumination-direction-multiplexing (IDM)
was recently demonstrated [15—17]. Nevertheless, the required
number of images of the sample in IDM-FPM cannot be re-
duced to 1 because some image diversity is still necessary for the
IDM-FPM numeric algorithm to successfully converge [16].
FPM has also been implemented for macroscopic imaging us-
ing a single direction of illumination [18]. In this case, the re-
quired image diversity was obtained by taking several pictures
of the sample through a translating circular aperture placed in
the Fourier plane (FP) of the optical system [18]. The first con-
tribution of this work to the growing body of research dedi-
cated to the FPM technique consists of the demonstration
of a practical method for implementing FPM using a single
direction of illumination. We used a rotating slit placed at
the back focal plane of the microscope’s objective lens for

1559-128X/18/257329-09 Journal © 2018 Optical Society of America

scanning the direction of the light diffracted by the sample.
We denote this technique scanning diffracted-light microscopy
(SDLM). In SDLM, the light used for imaging is the light dif-
fracted by the sample that passes through the slit; therefore, the
required image diversity is achieved because, in general, images
obtained at different slit orientations are different. In this sense,
SDLM is similar to other non-interferometric quantitative-
phase imaging techniques based on pupil engineering and
asymmetric imaging procedures [19-21]. For instance, in
the pupil modulation differential phase contrast imaging tech-
nique, the phase of the complex field is extracted using a
numerical non-iterative deconvolution algorithm from a set
of different intensity images obtained by introducing different
asymmetric filters in the FP of the optical system [19]. In gen-
eral, the deconvolution algorithm used in these techniques de-
pends on the number of collected images. In contrast, the
FPM-like reconstruction algorithm used in SDLM is indepen-
dent of the number of used images. We also implemented,
using a rotating slit, an IDM-SDLM technique suitable for
a microscope-condenser arrangement that is ubiquitous in bio-
medical labs. This is notable because it is known that the IDM-
FPM algorithm fails when the illumination source produces
hollow cones of light [17]. A proof-of-concept demonstration
of IDM-SDLM using a ring-shaped condenser is presented.
It should be noted that the IDM-SDLM technique, demon-
strated here for the first time to our knowledge, is different than
a less-precise microscopy technique recently reported, which
also uses a rotating slit and a ring-shaped condenser [22]. In
Ref. [22], it was assumed that there is a one to two correspon-
dence between the orientation of the slit and the direction
of illumination; i.e., it was assumed that only two opposite
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illumination directions coming from the ring-shaped condenser
illuminate the sample and pass through the slit at each slit ori-
entation [22]. It is a good approximation for imaging simple
periodic structures and low-scattering samples. In contrast,
IDM-SDLM assumes that, for any slit orientation, light scat-
tered by the samples that pass through the slit comes from all
the illumination directions contained in a hollow cone of light
produced by the ring-shaped condenser. This is a general and
precise description of the scattering phenomenon under IDM.
The two sets of proof-of-concept experiments presented in this
work, in combination with previously reported experiments
[18], can be considered special cases of a general SDL imaging
technique where scanning the direction of the light diffracted
by the sample in different ways permits the implementation of a
FPM-like technique using a fixed illumination pattern. The FP
of the optical instrument can be scanned in multiple ways, and
the scanned aperture may have a variety of shapes. The fixed
illumination pattern may be perpendicular illumination, a hol-
low cone of light, or any other illumination distribution.
Therefore, the general SDL imaging technique is highly flexible
and could be optimized for different applications. The rest of
this paper is organized in the following manner. In Section 2 we
describe the sample, the experimental arrangements used in this
work, and the experimental images obtained. We conducted
two sets of proof-of-concept experiments designed to demon-
strate first, that the SDLM technique provides the required im-
age diversity for imaging the unmeasured phase of the light field
when the sample is illuminated from a single direction, and
second, that the IDM-SDLM permits us to obtain images with
a resolution better than the Rayleigh resolution limit when the
sample is illuminated by a ring-shaped condenser. In Section 3,
we describe the SDLM algorithm and discuss some SDLM sim-
ulations. In Section 4, we describe the IDM-SDLM algorithm
and conduct a full IDM-SDLM simulation of the IDM experi-
ments described in Section 2. Then, in Section 5, we present
the results obtained after processing the experimental images
with the numerical algorithms discussed in Sections 3 and 4.
Finally, the conclusions of this work are presented in Section 6.

2. EXPERIMENTS

Figure 1 shows a schematic illustration of the experimental setup.
We used a Nikon Elipse Ti inverted microscope. As Fig. 1(a)
shows, we attached two charge-coupled device (CCD) cameras
to obtain real-plane (RP) and FP images of the sample. A band-
pass spectral filter centered at A = 570 nm wavelength with a
10 nm bandwidth was inserted next to the objective lens to select
a narrow frequency band of the diffracted light.

We perform two sets of proof-of-concept experiments. In
the first set of experiments, a NA, = 0.85 objective lens was
used, and the sample was a 600 lines/mm Ronchi ruling grating
with a period p = 1.67 pm. The sample was perpendicularly
illuminated by a collimated beam of white light produced by
the microscope’s built-in illumination source (not shown in
Fig. 1). The objective lens was chosen with a relatively large
numerical aperture to emphasize the fact that the goal of
the first proof-of-concept experiment is not to improve the res-
olution of the optical system but rather to demonstrate the

SDLM’s capability for retrieving the phase of the light field.
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Fig. 1. (a) Schematic illustration of the experimental setup.

(b) Photograph of the ring-shaped condenser.

In the second set of experiments, a ring-shaped condenser
and a NA, = 0.15 objective lens were used. Figure 1(b) shows
a photograph of the ring-shaped, white-light-emitting con-
denser with an inner diameter of 5 cm used to illuminate
the sample, which also was a 600 lines/mm Ronchi ruling gra-
ting with a period p = 1.67 pm. By changing the height of the
condenser with respect to the sample, we adjusted its numerical
aperture to NA, = 0.4 > NA,. Under these conditions, p <
A/(2NA,) = 1.9 pm but p > 1/(NA, + NA,) ~ 1.04 pm,
which is the theoretical resolution limit of the high-resolution
RP image that can be obtained by processing the low-resolution
RP images using the FPM algorithm [1,3]. Therefore, the goal
of the second proof-of-concept experiment is to demonstrate
that IDM-SDLM improves the resolution of the optical system
like FPM does. Since the sample’s patterned structure was not
visible, a mark was introduced across the patterned structure to
create a large feature to help to focus the microscope’s objective
lens at the sample’s surface. On both set of experiments, as
sketched in Fig. 1(a), a slit of a width W, = 0.1 in numerical
aperture units (NA), was placed in the back focal plane of the
objective lens for selecting the direction of the light diffracted
by the sample that was used for imaging. The rectangular shape
of the slit was selected for practical reasons. It may be possible
that an elongated aperture with a different shape could produce
better results. There is then room for further improvements
using pupil engineering methods. We took nine pairs of
FP-RP images corresponding to different slit orientations. It
should be noted that like FPM, SDLM only uses experimental
RP images. We used the experimental FP images for extracting
information and for explanation. We changed the slit orienta-
tion from 0° to 180° with a 20° angle increment, where the
zero-degree angle orientation corresponds to the slit oriented
perpendicularly to the direction of the slits in the Ronchi
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ruling. The increment angle value was chosen to guarantee that
the regions of the FP sampled by the slit, in two consecutive
orientations in the second set of experiments, have sufficient
(~80%) overlapping to achieve a successful convergence of
the numerical algorithm [1]. The angle increment was the same
in both experiments, but the slit length, NA,, was different;
therefore, the overlapping between the regions of the FP
sampled by the slit, in two consecutive orientations in the first
set of experiments, was smaller (~30%). The consequences of
this will be discussed in Section 3. The camera exposition time
was 800 ms, but it was not optimized, and the slit was rotated
manually; therefore, the image acquisition process can be fur-
ther improved. Figure 2 shows representative pairs of FP—RP
images obtained with the experimental setup sketched in Fig. 1.
The FP-RP image pairs in Fig. 2 were obtained by taking im-
ages with perpendicular illumination [Figs. 2(a)-2(d)] and with
the sample illuminated by the hollow cone of light produced by
the ring-shaped condenser shown in Fig. 1(b) [Figs. 2(e)-2(j)].
The ring-shaped out-of-focus objects present in Figs. 2(b) and
2(d) are dust particles present on top of the sample. They are
not relevant to the discussion presented below. The elongated
object visible in Figs. 2(f), 2(h), and 2(j) is the sample’s scratch
used for focusing.

Figures 2(a)-2(d) show two instances of the nine FP
[Figs. 2(a) and 2(c)] and RP [Figs. 2(b) and 2(d)] pairs of im-
ages obtained during the first set of experiments. The pair of
FP-RP images shown in Figs. 2(a) and 2(b) were obtained with
the slit oriented at ® = 0° i.e., with the slit oriented perpen-
dicularly to the lines present in the Ronchi ruling. Zero-, first-,
and second-order diffraction spots, separated by a distance
A/p = 0.34 NA, are clearly observed in the FP image shown
in Fig. 2(a); correspondingly, the periodicity of the sample is
clearly seen in the RP image shown in Fig. 2(b). This is ex-
pected because p = 1.67 pm > A/NA, ~ 0.7 pm. The pair
of FP-RP images shown in Figs. 2(c) and 2(d) were obtained
with the slit oriented at ® = 40°. Zero- and first-order diffrac-
tion spots are clearly seen in the FP image shown in Fig. 2(c);
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Fig. 2. Examples of experimental pairs of (a), (c), (¢), (g), (i) FP and
(b), (d), (), (h), (j) RP images obtained using (a)-(d) perpendicular
illumination and (e)—(j) the ring-shaped condenser, with the slit ro-
tated counterclockwise by (a), (b) and (g), (h) 0°, (e), (f) 20° (o),
(d) 40°, and (i), (j) 160°.
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however, the second-order diffraction spots are absent because
the light producing them is blocked by the slit when it is ori-
ented at ©® = 40°. Nevertheless, the periodicity of the sample is
clearly seen in the RP image shown in Fig. 2(d) because the
presence of at least two consecutive diffraction order spots
allows for the sample’s periodicity to be visible in the corre-
sponding RP image. Figures 2(e)—2(j) show three instances
of the nine FP [Figs. 2(e), 2(g), and 2(i)] and RP [Figs. 2(f),
2(h), and 2(j)] pairs of images obtained during the second set of
experiments with the slit oriented to the angles ® = 20°, 0°,
160°, respectively. As expected, the mark introduced in the
sample is seen in all the three IDM low-resolution RP images
stated above, but in none of the RP experimental images is the
periodic structure of the sample visible because p < 1/(2NA,).
When a periodic sample is illuminated by a hollow cone of
light, diffraction rings with a radius of NA, are observed in
the FP images [23,24]. However, only a fraction of a ring is
visible when a slit is introduced in the back focal plane of
the objective lens. In excellent correspondence, in the three
FP images shown in Figs. 2(e), 2(g), and 2(i), two small bright
arcs corresponding to first-order diffraction rings can be seen,
but the zero-order diffraction ring is not visible because
NA, = 0.4 > NA, = 0.15. A comparison of Figs. 2(e), 2(g),
and 2(i) reveals that the visible arc in these figures seems to
rotate, describing a ring when the slit is rotated.

3. SDLM ALGORITHM AND SIMULATIONS

Figure 3 shows a schematic illustration of the SDLM algorithm
flowchart, which is similar to the FPM algorithm [1-5].
The phase of the optical disturbance (OD) at the micro-
scope’s RP is lost during the measurement in the camera [25];
however, as it is shown below, the SDLM algorithm permits the
recovery of the unmeasured phase from a set of RP images ob-
tained as described in Section 2, i.e., using perpendicular illu-
mination while taking each image at a different slit orientation.
As shown in block (1) of Fig. 3, the SDLM algorithm starts
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Fig. 3. SDLM algorithm flowchart.
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assuming some initial approximation (7 = 0) for the ampli-
tude [4,,—o(7)] and phase [p,,_,(7)] of the RP-OD. Then,
as shown in block (2) of Fig. 3, the first actual approximation
(m = 1,7 = 1) of the FP-ODs is calculated by applying a two-
dimensional (2D) Fourier transform operation (£) [1-5],

A (k)" Y = Fla,,_o(r)et-0)]. (1)

In Eq. (1), 7 and £ are 2D vectors defined in the RP and FP,
respectively. A rectangular window W(®;), corresponding to
the physical slit placed at the objective focal plane as shown in
Fig. 1, is defined in the FP with length NA , width W, and
centered at # = 0. As shown in block (3) of Fig. 3, the rectan-
gular window is then rotated with respect to # = 0 at an angle
0;. Then, as shown in block (4) of Fig. 3, Eq. (2) is used to
calculate the first approximation to the amplitude [4,,1 j— (k)]
and phase [P,,—; ;—1 (k)] corresponding to the FP image that
would be observed when the slit is oriented at angle ©,

Ay Ry = A" Ws©). (@)

Then, as shown in block (5) of Fig. 3, the amplitude [, J-(r)] and
phase [p,, .(r)] corresponding to the related RP image are calcu-
lated by applying a 2D inverse Fourier transform operation (F)

[ 1 _5] >
()P = FIA,, (B)em ], 3)

As shown in block (6) of Fig. 3, like in FPM [1-5], in SDLM the
calculated amplitude of the RP image [4,,;()] is substituted by
the amplitude of the corresponding experimental or simulated RP
image [4;(7)]. Then, as shown in block (7) of Fig. 3, the ampli-
tude and phase corresponding to the FP image that would be
observed when the slit is oriented at angle ©; is recalculated using
the following equation:

A (k)" = Flay(r)e?D] . W5(8)). @
Equations (2) and (4) are different in the FPM algorithm; there-
fore, using Eqs. (2) and (4) is a distinctive feature of the SDLM
algorithm. In SDLM image diversity is achieved by rotating the
slit, but in FPM it is achieved by changing the illumination di-
rection. Next, as shown in block (8) of Fig. 3, the updated
approximation of the FP-OD is calculated by adding a weighted
difference between the calculated and recalculated FP-ODs, ob-
tained for the slit orientation ©);, to the actual approximation of
the FP-OD given by Eq. (1); i.e., using Eq. (5) [1-5],

i prd ; pact
AL Ry B = o ()T
+ oAz (R Y~y A, (k)P (5)

In this work, all simulation results were obtained using
a=p=y=1, while a =0.8, f=0.5, and y = 0.8 were
the values used when processing experimental images. As indi-
cated by the arrows between blocks (8) and (2) of Fig. 3, after
the initial approximation of the FP-OD is updated, the updated
FP-OD is used as the actual approximation (j = 2). The oper-
ations included in the box with a discontinuous line in Fig, 3 are
successively done for each slit orientation (indicated by the sub-
index 7). This constitutes the first iteration (72 = 1) in the SDLM
algorithm, and the algorithm should converge after several iter-
ations. Finally, as shown in block (9) of Fig. 3, the 2D Fourier

transform of the FP-OD gives the final RP-OD. We performed a
full simulation of the first set of experiments described in
Section 2 using nine previously simulated RP images, which cor-
respond to the nine experimental RP images obtained with the
experimental setup sketched in Fig. 1 but illuminate the sample
with the collimated white-light beam produced by the built-in
microscope’s illumination source. The simulated RP images were
calculated assuming an OD at the sample’s plane with amplitude
and phase with the known periodicity of the sample plus 3% of
additive (uniform) random intensity and phase noise. This is fol-
lowed by using Egs. (1)—(3), as indicated by blocks (1)—(5) in
Fig. 3. Then, the simulated RP images were calculated as the
intensities corresponding to the calculated RP-ODs. We assumed
that a slit with W, = 0.1 was rotated from ® = 0° to 180° at
intervals of A® = 20°. W = 0.1 guarantees a superposition
larger than 60% between consecutive FP regions sampled by
the slit inside of a circle with radius 4/p = 0.34 NA [1-3].
The SDLM algorithm starts by assuming an initial approximation
of the RP-OD. As this is often chosen in FPM [1-5], we choose
Pmeo(r) =0 and a,,_((7) as the amplitude corresponding to a
low-resolution RP image obtained with the same experimental
setup but without the slit. Figure 4 shows the simulation results
corresponding to the first set of experiments that were obtained
by processing the simulated RP images with the SDLM
algorithm.

Figures 4(a) and 4(b) show, respectively, the assumed exact
amplitude and phase of the RP-OD corresponding to the
Ronchi ruling grating with a period p = 1.67 pm, when the
sample is perpendicularly illuminated and observed with a
NA, = 0.85 objective lens. Figures 4(c) and 4(d) show an in-
stance of a pair of simulated FP and RP images, respectively,
which were obtained assuming the slit placed at the back focal

Fig. 4. SDLM simulation results. Exact (a) amplitude and (b) phase
of the RP-OD. Simulated (c) FP and (d) RP images obtained with the
slit oriented at ® = 0°. (¢) Amplitude and (£), (g) phase of the simu-
lated RP-OD obtained after 10 iterations of the SDLM algorithm
using (e), (f) 9 and (g) 20 different slit orientations.
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plane of the objective lens was oriented at the angle ® = 0°. As
expected from p > A/NA,, and in correspondence with the ex-
perimental pair of FP and RP images shown in Figs. 2(a) and
2(b), several diffraction spots [pointed by arrows in Fig. 4(c)]
are clearly visible in the FP images shown in Figs. 4(c) and 2(a),
and the periodicity of the sample is clearly visible in the RP
images shown in Figs. 4(d) and 2(b). The amplitude and phase
of the RP-OD obtained by processing the nine and 20 RP
simulated images, after just 10 iterations of the SDLM algo-
rithm, are shown in Figs. 4(e)—4(g), respectively. As expected,
the periodicity of the sample (p = 1.67 pm) is visible in Figs. 4
(e)—4(g). Using a standard metric for quantitative comparison
of the exact and simulated RP-ODs [26,27], we obtained a
(square root of the mean square error) RMS = 0.02, which
is a low value. Nevertheless, the relatively large error in the
phase image shown in Fig. 4(f) is due to a suboptimal super-
position of ~30% between the FP regions sampled by the slit in
two consecutive orientations. This is confirmed by the phase
image shown in Fig. 4(g), which was obtained by increasing
the number of slit orientations from nine to 20. In this case,
the superposition between the FP regions sampled by the slits
in two consecutive orientations is ~45%, and RMS decreases to
0.007. This suggests that SDLM should permit the recovery of
the unmeasured phase of the RP-OD. In addition to making a
full simulation of the first set of experiments described in
Section 2, we conducted a more general simulation correspond-
ing to an arbitrary sample illuminated with perpendicular light,
which is observed with a NA, = 0.85 objective lens. We as-
sumed the same simulation parameters used before for the peri-
odic sample. The results for this simulation are shown in Fig. 5.

Figures 5(a) and 5(b) show, respectively, the exact amplitude
and phase of the RP-OD, corresponding to an arbitrary sample
perpendicularly illuminated and observed with a NA, = 0.85
objective lens. The amplitude and phase of the RP-OD ob-
tained by processing nine previously simulated RP images, after
100 iterations of the SDLM algorithm, are shown in Figs. 5(c)
and 5(d), respectively. A comparison between Figs. 5(d) and

Fig. 5. SDLM simulation results for an arbitrary sample. Exact
(a) amplitude and (b) phase of the RP-OD. (c) Amplitude and
(d) phase of the RP-OD obtained after 100 iterations of the
SDLM algorithm.

5(b) reveals that most of the principal features of the exact
phase distribution are present in Fig. 5(d). A quantitative com-
parison between the exact and simulated RP-ODs produced an
RMS = 0.017. This suggests that SDLM should also permit
the recovery of the unmeasured phase of the RP-OD for arbi-
trary samples. We attribute the small phase errors in Fig. 5(d) to
an insufficient number of images (nine). SDLM and IDM-
SDLM numerical algorithms are very similar to FPM and
IDM-SDLM ones. We found that the time needed for each
iteration of the SDLM and IDM-SDLM algorithms is practi-
cally equal to the corresponding time in the FPM and IDM-
SDLM algorithms. A comprehensive simulation study of the
applicability of the SLD imaging algorithm for arbitrary sam-
ples will be reported by the authors elsewhere.

4. IDM-SDLM ALGORITHM AND SIMULATIONS

The IDM-SDLM algorithm is similar to the IDM-FPM one
[15-17]. Figure 6 shows a schematic illustration of the IDM-
SDLM algorithm flowchart that we used for making a full sim-
ulation of the second set of experiments described in Section 2.
The first three steps of the IDM-SDLM algorithm, which
are represented by blocks (1), (2), and (3) in Fig. 6, are identical
to the first three steps of the SDLM algorithm described in
Section 3. However, similar to the IDM-FPM algorithm
[15-17], the steps represented by blocks (4) to (8) and
Egs. (2)—(5) should be modified when the sample is simulta-
neously illuminated from N different directions defined by the
FP vectors kq, where ¢ = 1,2, ..., V. First, as represented by
block (4) of Fig. 6, not one but NFP - ODM corresponding to
the same slit orientation ®; must be calculated, one for each
direction of illumination ¢, using the following equation:

Apjg R0 ® = Ak = k)" 1) W (@), ()

Equation (6) should be evaluated /V times for a given slit ori-
entation ®;; the actual approximation of the FP-OD should

(1) Initial approximation of (9) Final approximation of
RP-OD RP-OD

(2) Actual approximation « |

8) Updated FP-OD
of FP-OD (8) Update |
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Fig. 6. IDM-SDLM algorithm flowchart.
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be shifted each time by £, and then multiplied by the rotated
rectangular window W(®;). Then, as shown in block (5) of
Fig. 6, the amplitude [4,,;, q(r)] and phase [p,, ; oy (r)] correspond-
ing to each related low-resolution RP image are calculated by
applying a 2D inverse Fourier transform operation (1),

g (P = FIA,, (k)i ®) (7)

At this point, as shown in block (6) of Fig. 6, similar to IDM-
FPM [15-17], in IDM-SDLM, the calculated amplitude of each
low-resolution RP image [4,,,;,(7)] is modified using the follow-
ing equation:

mod() 1 J (),
a5, (r) = a,,; (7
o9 RPT Joq
N
Ippr = E [RPJ,q’
7=1

where Iyp FRO the intensity of the experimental (or simulated)
multiplexed low-resolution RP image number j, which was ob-
tained with the slit oriented at ®;. Then, as shown in block (7) of
Fig. 6, each FP - ODM

is recalculated using the following
equation:

A5 (e = Flapg ()] Ws(©)). (@)

[am,]',q(r)]27 (8)

Irpjg =

Next, as shown in block (8) of Fig. 6, the updated approximation
of the FP-OD with NA; is calculated by adding a weighted dif-
ference between the calculated and recalculated FP-ODs with
NA, to the actual approximation of the FP-OD given by
Eq. (1); ie., using Eq. (10),

upd (k) sz] (k) __ Aact (/e) ele] (k)
ec P (b4-k
+a E [ Az (e + ) s 50

= Py g+ ky)ePriab o)) (10)

The IDM-SDLM algorithm then continues as describe above for
SDLM. In IDM-FPM [15-17], W, in Egs. (6) and (9) is in-
dependent of ©; therefore, a single IDM RP image can be ob-
tained in IDM-FPM when using a single ring-shaped condenser.
However, when using a single ring-shaped condenser for illumi-
nating the sample, the IDM-SDLM algorithm permits us to ob-
tain a different IDM RP image for each different value of ©;. We
performed a full simulation of the second set of experiments de-
scribed in Section 2 using nine pairs of simulated IDM FP-RP
images, which correspond to the experimental images obtained
with the experimental setup sketched in Fig. 1(a), where the sam-
ple was illuminated by the ring-shaped condenser shown in
Fig. 1(b). The hollow cone of light produced by the condenser
was approximated by N = 36 discrete sources of planar waves
forming a ring with NA, = 0.4. As in SDLM, we could start the
IDM-SDLM algorithm by assuming an initial approximation of
the RP-OD by choosing p,,_,(7) =0 and 4,,_((7) as the am-
plitude corresponding to a low-resolution RP image obtained
without the slit. However, when illuminating a sample contain-
ing a periodic structure with a ring-shaped condenser, a better
RP-OD initial approximation can be obtained by extracting
the information contained in the experimental (or simulated)

IDM FP images using the so-called FP imaging microscopy
(FPIM) technique [23,24]. Therefore, we constructed the initial
approximation of the RP-OD with p,,_,(r) =0 and 2,,-(7),
given by the following expression [22]:

ay=0(r) = c1\/Irp,1 + 2/ Tepims (11)

where ¢; and ¢, are arbitrary constants, Zgppy is the intensity of
the RP image that could be obtained by processing the exper-
imental FP images using the FPIM technique [23,24], and
Igp, is the intensity of a RP image obtained with the experi-
mental setup sketched in Fig. 1, but without the slit and illumi-
nating the sample with the collimated white light beam produced
by the built-in microscope’s illumination source. Therefore,
when ¢, = 0, Eq. (11) corresponds to the initial approximation
used in SDLM. As shown in Fig. 7, FPIM permits us to detect
periodic structures with periods smaller than the Rayleigh reso-
lution limit by extracting useful information present in the ex-
perimental FP images [23,24].

The simulated IDM images were calculated assuming an
OD with amplitude and phase with the known periodicity
of the sample, followed by using Egs. (1), (6), and (7), as in-
dicated by blocks (1) to (5) in Fig. 6. Then the simulated IDM
FP and RP images [/gpr in Eq. (8)] were calculated as the sum
of the intensities corresponding to the V' = 36 calculated FP-
and RP-ODs [/yp g in Eq. (8)]. Figures 7(a) and 7(b) show
two instances of simulated IDM FP images corresponding
to the slits oriented at ®; = 160° and 20°, respectively. As ex-
pected, they match well with the experimental IDM FP images

il

il |
il
Fig. 7. (a), (b) Instances of simulated IDM FP images correspond-
ing to ®; = (a) 160°and (b) 20°. (c)—(f) Results obtained after process-
ing the nine simulated IDM FP images of the sample with
p = 1.67 pm using the FPIM technique. (c) Diffraction rings of radii
equal to NA, = 0.4, (d) superposition of the sum of all the simulated
IDM FP images and the first-order diffraction rings, (e) respective cen-

ters of the diffraction rings separated by a distance 1/p = 0.34, and
(6) Trprm-
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shown in Figs. 2(i) and 2(e). Similar to the experimental IDM
FP images shown in Figs. 2(e), 2(g), and 2(i), the simulated
IDM FP images seem to rotate, forming a ring with a radius
NA, = 0.4 when the slit rotates. As shown in Fig. 7(c), the
FPIM technique allows us to reconstruct the zero- and higher-
order diffraction rings that would be formed in the microscope’s
FP when the sample is illuminated by a microscope condenser
emitting a hollow cone of light [23,24]. The two solid arcs ob-
served in Fig. 7(d) perfectly overlap with the dotted arcs, which
are obtained by adding all the simulated IDM FP images.
These arcs are the portions of the first-order diffraction rings
with radii equal to NA, that can be observed with the NA, =
0.15 objective lens. Figure 7(e) shows the centers of the zero-
and first-order diffraction rings separated by a distance
A/p = 0.34 NA. Figure 7(e) represents the amplitude of the
diffraction pattern observable under perpendicular illumination
with an objective lens with synthetic numerical aperture
NA, = NA, + NA, = 0.55. Figure 7(f) shows /pppy, which
is obtained by taking the Fourier transform of Fig. 7(e). It
is worth noting that /ppy; contains the periodicity of the sam-
ple, as clearly seen in Fig. 7(f), but it is not properly an image of
the sample because FPIM is not an imaging technique but a
detection one [22]. Figure 8 shows the simulation results cor-
responding to the second set of experiments that were obtained
by processing, the nine simulated low-resolution IDM RP im-
ages with the IDM-SDLM algorithm and using Eq. (11), with
Irprv as shown in Fig. 7(f), as the initial approximation of the
RP-OD.

Figures 8(a) and 8(b) show, respectively, the assumed exact
amplitude and phase of the RP-OD corresponding to a Ronchi
ruling grating with a period p = 1.67 pum, which would be ob-
served using a hypothetical objective lens with a synthetic
numerical aperture NA; = NA, + NA, = 0.55 when the
sample is perpendicularly illuminated. Figure 8(c) shows the
FP region that is sampled by the slit, placed at the back focal
plane of the objective lens, when it is oriented at the angle
© = 0°. As shown in Fig. 8(c), this region is formed by a
set of IV = 36 rectangles with a length equal to NA, =
0.15 and a width W = 0.INA. The rectangles are centered
at the illumination directions k,,¢4 = 1,2,..., N, forming a
ring of radius NA, = 0.4. When the slit is rotated by an angle
®j’ each one of the rectangles is rotated about its center with
the same angle (not shown). Figure 8(d) shows an instance of a
simulated low-resolution IDM RP image, which was obtained
assuming the slit was placed at the back focal plane of the ob-
jective lens and oriented at the angle ® = 0°. As expected, and
in correspondence with the experimental low-resolution IDM
RP image shown in Fig. 2(h), the periodicity of the sample is
not visible in Fig. 8(d) because p = 1.67 pm < 4/(2NA,).
The amplitude and phase of the RP-OD obtained by process-
ing the nine simulated low-resolution IDM RP images, after
just three iterations of the IDM-SDLM algorithm, are shown
in Figs. 8(e) and 8(f), respectively. A quantitative comparison
between the exact and simulated RP-ODs produced an
RMS = 0.007. A comparison between Figs. 8(e) and 8(a)
and Figs. 8(f) and 8(b) suggests that IDM-SDLM should be
able to surpass the Rayleigh resolution limit and should also
permit us to recover the unmeasured phase of the RP-OD.
The conclusions extracted from the IDM-SDLM simulation

(d)
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Fig. 8. IDM-SDLM simulation results. Exact (a) amplitude and
(b) phase of the RP-OD. (c) Sampled region of the FP and (d) simu-
lated IDM RP image obtained when the slit is oriented at ® = 0°.
(e) Amplitude and (f) phase of the simulated RP-OD obtained after
three iterations of the IDM-SDLM algorithm.

results shown in Fig. 8 apply to imaging a periodic structure;
however, as it will be shown below, they also apply to arbitrary
samples. Moreover, a comprehensive simulation study of the
IDM-SDLM algorithm addressing this point will reported

elsewhere.

5. IDM-SDLM PROCESSING OF EXPERIMENTAL
IMAGES AND DISCUSSION

We processed the experimental images following the same pro-
cedure described in Sections 3 and 4 for the simulated images.
The results obtained using the FPIM technique and the exper-
imental IDM FP images, which were obtained in the second set
of experiments described in Section 2, are shown in Fig. 9.
As shown in Fig. 9(a), the FPIM technique permits the con-
struction of the diffraction rings visible in the FP images, which
would be produced by a physical arrangement where a sample is
illuminated with a hollow cone of light [23,24]. The radii of the
diffraction rings are equal to NA_, and their centers are separated
by a distance of 1/p = 0.34 NA. The value of NA, is obtained
from the experimental IDM FP images using the FPIM tech-
nique by adding up all the experimental FP images to produce
the final image shown in Fig. 9(b). The two arcs shown in
Fig. 9(b) correspond to the first-order diffraction rings with ra-
dius NA, shown in Fig. 9(a). Using this information, Fig. 9(c) is
constructed containing the zero- and first-order diffraction spots
(indicated by arrows) within the synthetic numerical aperture
(shown by the white dashed circle). Finally, Fig. 9(d) shows

the intensity corresponding to the Fourier transform of
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Fig. 9. Results obtained after processing with the FPIM technique
the nine experimental IDM FP images obtained in the second set of
experiments. (a) Diffraction rings with radii equal to NA, = 0.4,
(b) superposition of the sum of all FP images and the first-order dif-
fraction rings, (c) centers of the diffraction rings separated by a distance
A/p = 0.34, and (d) amplitude square (intensity) of the Fourier trans-
form of (c) containing a periodic structure with p = 1.67 pm.

Fig. 9(c). Irppy, obtained in this way, corresponds to a periodic
structure with a period p = 1.67 pm. Figure 9(d) does not show
an image of the sample because it only carries information about
the periodical structure of the sample. For instance, the large
scratch visible in the experimental IDM RP images shown in
Figs. 2(f), 2(h), and 2(j) is not present in Fig. 9(d).

Figures 10(a)-10(c) [Figs. 10(d)—10(f)] show the results ob-
tained after few iterations using the SDLM (IDM-SDLM) algo-
rithm after processing the experimental RP images collected in
the first (second) set of experiments described in Section 2. In the
first set of experiments described in Section 2, the sample was
under perpendicular illumination; accordingly, the initial
approximation of the RP-OD in the SDLM algorithm was a
RP image obtained with the setup sketched in Fig. 1 but in
the absence of the slit. As shown in Fig. 10(a), the zero- and
first-order diffraction spots are contained in the synthetic FP im-
age of radius NA; = NA, = 0.85. From Fig. 10(a), we observed
a distance of ~0.34 NA between the consecutive diffraction
spots, which is in excellent correspondence with the expected
calculated value A/p = 0.34 NA, and with the presence of a
periodic structure with p = 1.67 pm in Figs. 10(b) and 10(c),
which show the amplitude and phase of the RP-OD, respectively.
A line profile corresponding to Fig. 10(b) is shown in Fig. 10(g),
which corresponds to a periodic structure with p = 1.67 pm ob-
served with a ~43% contrast. A comparison between Figs. 10(b)
and 10(c) and Figs. 4(e) and 4(f), respectively, reveals an excellent
correspondence between the calculated RP-ODs using experi-
mental and simulated RP images. This demonstrates that the
SDILM technique successfully provides the required image diver-
sity for the implementation of a modified version of the FPM
algorithm using a single illumination direction.

In the second set of experiments described in Section 2,
the sample was illuminated by a ring-shaped condenser of
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Fig. 10. Results obtained after processing the experimental RP im-
ages using the (a)—(c) SDLM and (d)—(f) IDM-SDLM algorithms. (a),
(d) Synthetic FP image with NA;, = (a) NA,=0.85 and
(d) NA,+ NA, =0.55. Corresponding (b), (e) intensity and
(o) phase of the high-resolution RP-ODs. (f) Zoom into (e); (g) and
(h) line intensity profiles obtained from (b) and (f), respectively.

NA, = 0.4 shown in Fig. 1(b). Accordingly, we used
Eq. (11) for constructing the initial approximation of the
RP-OD in the IDM-SDLM  algorithm. We used
¢; = ¢ = 0.5, Ipppyp> as shown in Fig. 9(d), and /yp; was
a low-resolution RP image obtained with the setup sketched
in Fig. 1 but without the slit. The arrows shown in Fig. 10
(d) point to the zero- and first-order diffraction spots contained
in the synthetic FP image of radius NA; = NA+
NA, = 0.55. Figure 10(e) shows the amplitude of the calcu-
lated RP-OD. From Fig. 10(d), we determined a distance be-
tween consecutive diffraction spots of ~0.34 NA, which is in
excellent correspondence with the expected value 1/p =
0.34 NA and with the presence of a periodic structure with
p = 1.67 pm in Fig. 10(e), an inset of which is shown in
Fig. 10(f). A line profile corresponding to Fig. 10(f) is shown
in Fig. 10(h), which corresponds to a periodic structure with
p = 1.67 pm observed with a ~15% contrast. A comparison
between Figs. 10(f) and 8(c) reveals an excellent correspon-
dence between the amplitudes of the calculated RP-OD using
low-resolution IDM experimental and simulated RP images, re-
spectively. It is worth noting that the periodic structure visible in
Fig. 10(f) is not visible in any of the experimental low-resolution
IDM RP images, like the ones shown in Figs. 2(f), 2(h), and 2(j),
because p < A/(2NA,). This demonstrates IDM-SDLM can
achieve image resolution values below the Rayleigh resolution
limit. Moreover, the presence of the irregular-shaped scratch
in Fig. 10(e) demonstrates that the IDM-SDLM technique
can be applied for imaging non-periodic samples. The obtained
resolution improvement is evident when comparing the image of
the scratch in Fig. 10(e) with the experimental low-resolution RP
images shown in Figs. 2(f), 2(h), and 2(j). The experimental
setup shown in Fig. 1, but without the slit, permits us to obtain
a single image of a sample illuminated by a hollow cone of light,
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lacking the required image diversity for implementing the IDM-
FPM algorithm. However, the results shown in Figs. 10(d)—-10(f)
demonstrate that the IDM-SDLM technique allows enough im-
age diversity for implementing an IDM-FPM-like algorithm
when the sample is illuminated by a hollow cone of light, which,
for instance, may be produced by a ring-shaped condenser.

6. CONCLUSIONS

We implemented, simulated, and presented proof-of-concept
experimental results demonstrating the SDLM and IDM-
SDLM techniques. SDLM permits the implementation of
the FPM algorithm using a single illumination direction, which
can have applications where microscopes or telescopes are used
for imaging the phase of the OD. IDM-SDLM permits the
implementation of the IDM-FPM algorithm when the sample
is illuminated by a single hollow cone of light. When
NA, > NA,, IDM-SDLM will allow for improving the reso-
lution of microscope-condenser arrangements that are ubiqui-
tous in biomedical labs from 1/(2NA,) to 4/(NA, + NA,).
Moreover, when NA, > NA,, IDM-SLM could provide an
alternative way to optically image nano-structures.

Funding. National Science Foundation (NSF) (ECCS-
1404394).
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