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ABSTRACT 

 In my research work, I explored several extensions of the Fourier ptychography 

microscopy (FPM) technique, which is a promising but well-known phase-recovery 

imaging technique. First, I extended from microscopy to photography the scanning-

diffracted-light (SDL) microscopy technique recently demonstrated in our research 

group, which permits to implement the Fourier ptychography (FPM) technique using a 

single illumination direction and can have applications where microscopes or telescopes 

are used for imaging the phase of the optical disturbance (OD). I conducted proof-of-

concept experiments and simulations demonstrating the SDL photography technique, 

which permits to image the intensity and phase of the optical disturbance when the 

sample is illuminated by a collimated beam from either white-light or thermal radiation 

source. A rotating slit placed in the FP of the optical system scanned the direction of the 

light that was diffracted by the sample. Images of the sample obtained for different slit 

orientations are different. This provides the required image diversity for the successful 

convergence of the presented SDL imaging algorithm. Second, I explored the coherent 

illumination-direction multiplexing (IDM) FPM technique, also recently demonstrated 

in our research group, using thermal radiation. We explained the observed Moiré 

patterns in terms of the mutual coherence of the diffraction beams produced by the 

interaction of a thermal beam with a diffractive element with periodic structure. It was 

demonstrated the capability of the coherent IDM-FPM technique for obtaining, from a 

set of Moiré patterns, intensity images with the correct structure of a sample. We found 

the numerical algorithm to be stable when the phase of the optical disturbance at the 

sample’s plane is known, but it fails to determine the correct phase when it is unknown. 

This indicates that further convergence-improvement of the numerical algorithm is 

necessary. Finally, I demonstrated by scanning the Fourier plane of the optimal system 

in different forms, the SDL imaging technique can be implemented in a variety of ways.  
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CHAPTER I 

 

INTRODUCTION 
     

 This dissertation structure presents three studies that develop three different 

variations on scanning diffracted light imaging. In Chapter 2, we introduce scanning-

diffracted light imaging (SDL) and use it to capture RP images of a macroscopic object. 

Like FPM, SDL captures a set of low-resolution intensity images and then numerically 

constructs from them a high-resolution intensity and phase image using a numerical 

algorithm. Unlike FPM, however, SDL uses a fixed illumination pattern but moves a 

rotating rectangular slit to various locations in the FP to obtain a set of RP images with 

different frequencies. One possible application of SDL is in telescopes placed outside of 

the earth’s atmosphere, which could be used to image the phases of objects in space.       

           We performed two proof-of-concept experiments: one using white light and the 

other using thermal radiation. The second experiment is particularly interesting because 

it was the first time that an FPM-like technique was implemented using thermal 

radiation. In these experiments, white light or thermal radiation passed through two 

lenses to form collimated beams that then passed through a 4-f imaging arrangement: 

the beams were diffracted by the sample and then passed through the third lens, the slit, 

and the fourth lens before being captured by a CCD or thermal camera.  

            In chapter 3, we study of thermal radiation Moiré patterns using coherent 

illumination-direction-multiplexing Fourier Ptychographic Microscopy (IDM-FPM), in 

which a sample is illuminated by beams simultaneously projected from different 

directions. IDM-FPM can be coherent or incoherent, depending on whether the beams 

cohere with each other. Incoherent IDM-FPM has been demonstrated to decrease the 

imaging time required for FPM and a previous study implemented IDM-FPM by using 

coherent beams of visible light to illuminate a one-dimensional object.  In this study, we 

test the stability and the convergence of the coherent IDM-FPM imaging algorithm in 

more challenging situations. First, we explore the use of a two-dimensional diffractive 

element for producing more complex Moiré patterns. Second, we use a thermal 
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radiation source for studying the formation of thermal-radiation Moiré patterns. We 

found that the reported coherent IDM-FPM algorithm does not converge properly in 

more general situations than previously reported.   

           In Chapter 4, We Comparative Study of Different Implementations of 

Scanning Diffracted-Light Imaging using Thermal Sources and use it to capture RP 

images of a macroscopic object. Like FPM, SDL captures a set of low-resolution 

intensity images and then numerically constructs from them a high-resolution 

intensity and phase image using a numerical algorithm. Unlike FPM, however, 

SDL uses a fixed illumination pattern but moves edge, rectangular slit and circular 

aperture to various locations in the FP to obtain a set of RP images with different 

intensities. We performed a proof-of-concept experiments: thermal radiation. In 

these experiments, thermal radiation passed through two lenses to form collimated 

beams that then passed through a 4-f imaging arrangement: the beams were 

diffracted by the sample and then passed through the third lens, the edge, 

rectangular slit and circular aperture and then captured by a thermal camera.  
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 CHAPTER II 

 

SCANNING DIFFRACTED-LIGHT PHOTOGRAPHY USING 

WHITE-LIGHT AND THERMAL RADIATION SOURCES 

 
Previously published on “Scanning diffracted-light photography using white-light and thermal 

sources,” H. Alghasham, H. Farooq, Ceren Uzun, S. Skinner-Ramos, A. A. Bernussi, and L. 

Grave de Peralta, Applied Optics 57, 9997-10003 (2018). 

 

 
           Ubiquitous charge coupled device (CCD) cameras used in modern imaging 

systems are sensitive to the intensity of light. Therefore, common photographs taken 

with a CCD camera placed in the real plane (RP) of an optical system are often intensity 

images [1-2]; i.e., the CCD camera measures the amplitude, a(r), square corresponding 

to the complex optical disturbance, a(r)eip(r), emitted by the object being photographed 

[3]. This statement is valid for intensity images collected by CCD cameras attached to a 

variety of imaging instruments such as optical microscopes, telescopes, and commercial 

photographic cameras [1-3]. A considerable capability expansion of such imaging 

devices can be achieved by developing methods for allowing CCD camera-based 

devices to also image the phase, p(r), of the optical disturbance (OD). Different 

approaches have been developed for extracting the phase information from the images 

formed in cameras placed in the RP and in the Fourier plane (FP) of imaging 

instruments. For instance, RP images in interferometric imaging systems are not 

proportional to a(r)2, but a record of an interference pattern from which the complete 

OD associated to the object being imaged can be numerically extracted [3-6]. However, 

interferometric imaging systems are generally more vulnerable to vibrational noise, thus 

requiring more complex and more expensive hardware than that used in common 

imaging systems.  

            Alternatively, in non-interferometric phase-recovery imaging methods, the OD 

is recovered using an iterative numerical algorithm from a set of intensity images [7-

19]; therefore, non-interferometric phase recovery imaging methods often require a 

longer time to produce an image when compared to common imaging systems. 

Nevertheless, the always growing diversity of imaging requires the development of a 
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large variety of novel OD imaging systems. In this work, we focus our attention in the 

growing body of research dedicated to the Fourier ptychographic imaging technique, 

which is a non-interferometric phase-recovery imaging technique based on the 

collection of a set of intensity RP images, which are obtained by illuminating the object 

under observation from different directions one at a time [16-18]. Originally, the 

Fourier ptychographic imaging (FPM) technique was applied to optical microscopy [16-

20], but later it was extended to imaging the OD produced by macroscopic objects [21]. 

The so-called aperture-scanning Fourier ptychography technique was developed for 

three-dimensional refocusing of macroscopic objects using a common 4-f imaging 

system, a CCD camera, and a translating circular slit placed in the FP of the optical 

system [21]. This technique relies on obtaining each intensity RP image with the 

circular slit translated to a different position in the FP [21], which is different from FPM 

where each intensity RP image is obtained using a different direction of illumination 

[16-20]. Recently, the aperture-scanning Fourier ptychography technique was applied to 

microscopy, and by substituting the circular translating aperture by a rotating slit placed 

in the back focal plane of the microscope’s objective lens, it was extended and 

generalized [22-23].  

            In scanning-diffracted light (SDL) imaging, the sample is illuminated by a fixed 

illumination pattern. A moving aperture, which may move in different ways and may 

have a variety of possible shapes, scans in the FP of the optical system the light 

diffracted by the sample. Different spatial frequencies pass through the aperture at each 

step; therefore, a set of different images of the sample is collected in the RP of the 

optical system. These images are then processed using a FPM-like numerical algorithm 

[23]. It should be noted that in non-interferometric phase-recovery techniques like 

Ptychography microscopy (PM) [11-15], FPM, and SDL imaging, a set of different 

intensity images are processed using a numerical algorithm, which is based in repetitive 

use of Fourier transform operations. Different experimental methods are used in FP, 

FPM, and SDL imaging for achieving the required image diversity. In FP image, 

diversity is achieved by scanning the sample [11-15]. In FPM, the sample is fixed, and 

image diversity is achieved by scanning the direction of illumination [16-20]. SDL 
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imaging provides another method for obtaining the required image diversity. In SDL 

imaging, the sample and the illumination are fixed, and image diversity is obtained by 

scanning the direction of the light diffracted by the sample. In this work, we implement 

for the first time the SDL imaging technique, using a rotating rectangular slit, for 

imaging the OD corresponding to a macroscopic object. It is worth noting that the SDL 

imaging technique discussed here can also be implemented in telescopes. SDL 

telescopes placed outside of the earth atmosphere could open a new phase-imaging 

window for observing the universe. We performed two sets of proof-of-concept 

experiments: one using white-light and other using thermal radiation. The last one is 

particularly interesting because it is the first time that an FPM-like technique is 

demonstrated using thermal radiation. SDL photography may have multiple applications 

including, but not limited to, phase imaging photography and SDL telescopes. It is well-

known that partially-coherent white-light is sufficient to implement FPM [16-20]; 

therefore, presented experiments using thermal radiation tested the coherence 

requirement limits of SDL imaging.  

            It is worth noting that in this work, we do not use LEDs for obtaining partially-

coherent illumination [16-20], but we used for this porpoise a combination of an 

incoherent illumination source and a spectral filter [23]. We used a rotating rectangular 

slit placed at the FP of a 4-f imaging system for scanning the direction of the light 

diffracted by a macroscopic object, which was illuminated in all the experiments by a 

single collimated beam. Consequently, the light collected by the CCD and the thermal 

camera was the light diffracted by the sample which was transmitted through the slit; 

therefore, the image diversity required by the successful convergence of the Fourier 

ptychographic algorithm was achieved because, in general, images obtained with 

different slit orientations are different [23]. 

            In this chapter, we organized in the following manner. In Section 2.1, we 

describe the samples, the experimental arrangements used in this work, and the 

experimental images obtained. In Section 2.2, we describe the SDL imaging algorithm, 

in section 2.3, we discuss SDL photography simulations made with this numerical 

algorithm. Then in Section 2.4, we present the results obtained after processing the 
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experimental images with the numerical algorithm discussed in Sections 2.2. Finally, 

the conclusions of this work are presented in Section 2.5.   

2.1 Experiments  

 Figure 2.1 shows the schematic illustrations of the two experimental setups 

used in this work.   

 

Fig. 2.1. Schematic illustrations of the experimental setups using (a) white-light 

and (b) thermal sources [44]. 
 

              Figure 2.1(a) shows the schematic illustration of the 4-f photography arrangement used 

in the experiments with white-light illumination. Using a lens (not shown), we coupled light 

produced by a 4.8 W white-light emitting lamp to an optical fiber terminating in a cylindrical 

collimator, with a diameter of ~ 3 cm, for producing a white-light collimated beam. We used 

two biconvex lenses with a focal length of 10 cm separated by a distance of 20 cm. A color 

CCD camera placed in the real plane (RP) of the optical arrangement collects the intensity 

image of the sample, which was in this case a 20 lines/mm Ronchi-ruling with a period p = 50 

µm. A rotating slit was placed at the Fourier plane (FP) of the 4-f arrangement. The slit rotated 

around the center of the FP (k = 0 FP point). In addition, a spectral filter with center wavelength 

λ = 570 nm and 10 nm bandwidth was inserted in the path of the diffracted light for increasing 

the coherence length of the light used for imaging. We determined the imaging system sketched 

in Figure 2.1(a) has a numerical aperture NAo = 0.02. Figure 1(b) shows the 4-f photography 

arrangement used in the set of experiments where the sample was illuminated with a collimated 
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beam of thermal radiation. A 640480 pixel thermal camera connected to an internal 12 mm 

manual focusing lens was used for collecting the intensity image of the sample, which was a 

metallic mesh with square lattice symmetry and period p = 400 µm.  A spectral filter with center 

wavelength λ = 9.5 µm and 0.50.1 m bandwidth was also inserted in the path of the 

diffracted light.  A custom-made thermal source heated at ~ 200o C, which was made using an 

electrical solder and terminates in a cylindrical Carbon head with a diameter of ~ 3 cm, was 

used for illuminating the sample. In the experimental setup sketched in Figure 2.1(b), a rotating 

slit was placed in the back focal plane of a biconvex infrared-coated ZnSe lens with 50 mm 

focal length. We determined the imaging system sketched in Figure 2.1(b) has a numerical 

aperture NAo = 0.025. The common characteristics of the two sets of experiments conducted in 

this work were the illumination of the sample with a collimated beam, the placement of a 

rotating slit in the FP of the imaging system, and the collection of different intensity images of 

the sample for various orientations of the rotating slit. In the two sets of experiments the slit, 

which produced in the FP a rectangular aperture with a width WS = 0.01 and a length equal to 

NAo in numerical aperture units, was rotated around the center of the FP from 0o to 180o angles 

( ) with a 20o increment. The fraction of the FP area defined by the imaging system NAo, 

which is covered by the slit, depends on the width of the slit and the imaging system used. The 

angle increment was chosen to guarantee a superposition larger than 60% between the FP 

regions sampled by the slit in two consecutive orientations. Therefore, nine intensity RP images 

were obtained for each configuration.  

              Figure 2.2 shows representative RP intensity images obtained with the two 

experimental setups sketched in Figure 2.1.   
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Fig. 2.2. Examples of experimental intensity RP images obtained with the experimental 

setup using (a-b) white-light, and (d-e) thermal radiation, with the slit orientated at θ = 

(a, d) 0 ͦ and (b, e) 80 ͦ. (c-f) Photographs, obtained using a common camera without any 

slit, of the samples used in the experiments using (c) white-light, and (f) thermal 

radiation. [44] 

 

            Figures 2.2(a) and 2.2(d) show intensity RP images obtained with the 

experimental setup sketched in Figures 2.1(a) and 2.1(b), respectively, with the slit 

oriented at θ = 0o. θ = 0o in the experimental setups shown in Figures 2.1(a) and 2.1(b), 

respectively, corresponds to the slit oriented at an angle of 90o and 105o with respect to 

the sample’s vertical periodicity seen in these RP images. When the slit was rotated by 

80o, the obtained RP images changed in the two sets of experiments. Figs 2.2(b) and 

2.2(e) show the RP images obtained, when θ = 80o, with the experimental setup 

sketched in Figures 2.1(a) and 2.1(b), respectively. Figures 2.2(c) and 2.2(f) show 

common photographs of the samples used in the experiments using white-light and 

thermal radiation, respectively. These two photographs were obtained using a common 

camera without the slit. It is worth noting that none of the RP images shown in Figures 

2.2(b), 2.2(d) and 2.2(e) show the correct structure of the samples. In Figure 2.2(b) the 

periodic structure with p = 50 µm of the Ronchi-ruling used as the sample is not visible. 

In Figures 2.2(c) and 2.2(e), only the periodicity of the sample in one direction is clearly 

seen, despite the square symmetry of the metallic mesh that is used as a sample. We 

performed detailed simulations of the two sets of experiments to investigate the origin 

of the image diversity produced by the rotating slit. 
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2.2 SDL Photography Algorithm 

 Figure 2.3 shows a schematic illustration of the SDL imaging flowchart 

algorithm, which is similar to the well-known FPM algorithm [16-18].  

 

 

                          Fig. 2.3. SDL imaging algorithm flowchart. [44] 

             The phase of the OD is lost during the measurement in the camera; however, as it is 

shown below, the SDL imaging algorithm permits to recover the unmeasured phase from a set 

of low-resolution RP intensity images obtained as described in Section 2, i.e., using 

perpendicular illumination and taken each image with a different slit orientation. As shown in 

the block (1) of Figure 2.3, the SDL imaging algorithm starts by assuming some initial 

approximation (m=0) for the amplitude [am=0(r)] and phase [pm=0(r)] of the RP-OD. Then, as 

shown in the block (2) of Figure 2.3, the first actual approximation (m=1, j=1) of the FP-OD is 

calculated by applying a two-dimensional (2D) Fourier transform operation (F) [16-18]:  

, 0
( ) ( )

, 0( ) ( )
act

m j m
iP k ip ract

m j mA k e F a r e 


   

               

(1) 
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 In Eq. (1), r and k are 2D vectors defined in the RP and FP, respectively.  A 

rectangular window WS(Θj), corresponding to the physical slit placed at the 

objective’s back focal plane as shown in Figure 1, is defined in the FP with length 

NAo, width WS, and centered at k = 0. As shown in the block (3) of Figure 2.3, the 

rectangular window is then rotated with respect to k = 0 by an angle Θj. Then, as 

shown in the block (4) of Figure 2.3, Eq. (2) is used to calculate the first 

approximation to the amplitude [Am=1, j=1(k)] and phase [Pm=1, j=1(k)] corresponding to 

the FP image that would be observed when the slit is oriented at the angle Θj.  

, ,( ) ( )

, ,( ) ( ) ( )
act

m j m jiP k iP kact

m j m j S jA k e A k e W  
       (2) 

 This step differentiates the SDL imaging algorithm from the FPM algorithm. 

In FPM imaging, diversity is achieved by illuminating the sample from a different 

direction at a time, while in SDL imaging the required image diversity is obtained by 

scanning the direction of the light diffracted by the sample with the rotating slit. 

Then, as shown in the block (5) of Figure 2.3, the amplitude [am,j(r)] and phase 

[pm,j(r)] corresponding to the related RP image are calculated by applying a 2D 

inverse Fourier transform operation  (F-1) [16-18]:  

, ,( ) ( )1

, ,( ) ( )m j m jip r iP k

m j m ja r e F A k e  
              (3) 

 As shown in the block (6) of Figure 2.3, like in FPM [16-18], in SDL imaging 

the calculated amplitude of the RP image [am,j (r)] is substituted by the amplitude of 

the corresponding experimental or simulated RP image [aj(r)]. Then, as shown in the 

block (7) of Figure 2.3, the amplitude and phase corresponding to the FP image that 

would be observed when the slit is oriented at the angle Θj is recalculated using the 

following equation, which is similar but not equal to the one used in FPM:  

 

, ,( ) ( )

, ( ) ( ) ( )
rec

m j m jiP k ip rrec

m j j S jA k e F a r e W   
     (4) 
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 Next, as shown in the block (8) of Figure 2.3, the updated approximation of 

the FP-OD is calculated by adding a weighted difference between the calculated and 

recalculated FP-ODs, obtained for the slit orientation Θj, to the actual approximation 

of the FP-OD given by Eq. (1); i.e., using Eq. (5) [16-18]:  

, ,

,

,

( ) ( )

, ,

( )

,

( )

,

( ) ( )

                           [ ( )

                               ( ) ]

upd act
m j m j

rec
m j

m j

iP k iP kupd act

m j m j

iP krec

m j

iP k

m j

A k e A k e

A k e

A k e





 


        (5) 

 As shown by the arrow between blocks (8) and (2) in Figure 2.3, after the 

initial approximation of the FP-OD is updated, the updated FP-OD is used as the 

actual approximation (j=2). The operations connected by red arrows in Figure 2.3 are 

successively done for each slit orientation (indicated by the sub-index j). This 

constitutes the first iteration (m=1) in the SDL imaging algorithm, and the algorithm 

should converge after several iterations. Finally, as shown in the block (9) of Figure 

2.3, the 2D Fourier transform of the FP-OD gives the final RP-OD.  

2.3 SDL Simulations 

       We performed a full simulation of the three sets of experiments described in 

Section 2. First, we obtained three sets of nine simulated RP images. The nine 

simulated RP images in each set correspond to the nine experimental RP images 

obtained with one of the experimental setups sketched in Figure 2.1. 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 random intensity and phase 

noise. This followed by using Eqs. (1), (2) and (3), as indicated by the blocks (1) to 

(4) in Figure 2.3. As expected, a good correspondence was observed between the 

simulated RP images shown in Figure 2.4, and the corresponding experimental 

images shown in Figure 2.2.  
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Fig. 2.4. Examples of pairs of simulated FP and RP images corresponding to the 

experimental RP images obtained with the experimental setup using (a-d) white-light, 

and (e-h) thermal radiation, with the slit orientated at θ = (a-b, e-f) 0 ͦ and (c-d, g-h) 

80 ͦ. Arrows point to zero- and first-order diffraction spots. [44] 

 

 Figures 2.4(a) to 2.4(d) show two examples of pairs of simulated FP and RP 

images, which were obtained assuming the experimental setup sketched in Figure 

1(a). The simulated RP images shown in Figures 2.4(b) and 2.4(d) are in good 

correspondence with the experimental images shown in Figures 2(a) and 2(b), 

respectively. As illustrated in the simulated FP images shown in Figures 2.4(a) and 

2.4(c), a rotation of the slit from θ = 0o to 80o results in sampling different regions of 

the FP. As pointed by arrows in Figure 2.4(a), the light diffracted by the sample that 

produces the zero- and first-order diffraction spots pass through the slit at θ = 0o but, 

as seen in Figure 2.4(c), only the light producing the zero-order diffraction spot can 

pass through the slit oriented at θ = 80o. This explains why the periodic structure of 

the Ronchi-ruling sample can be seen in the experimental RP image shown in Figure 

2(a), but not in the experimental RP image shown in Figure 2.2(b).  

 Figures 2.4(e) to 2.4(h) show two examples of pairs of simulated FP and RP 

images, which were obtained assuming the experimental setup sketched in Figure 

2.1(b). The simulated RP images shown in Figures 2.4(f) and 2.4 (h) are in good 

correspondence with the experimental images shown in Figures 2.2 (d) and 2.2(e), 

respectively. In these experiments, as shown in Figure 2.4(e), the initial position of 

the slit (θ = 0o) was chosen such that the slit forms an angle of 105o with the sample’s 

vertical periodicity. As a consequence, in addition to the light diffracted by the 

sample that produces the horizontal zero- and first-order diffraction spots, light 
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producing additional diffraction spots also pass through the slit oriented at θ = 0o. 

This produces the textured vertical lines observed in the simulated RP image shown 

in Figure 2.4(f), and in the corresponding experimental RP image shown in 2.2(d).  

Similarly, as shown in Figure 2.4(g), when the slit is rotated by 80o, in addition to the 

light diffracted by the sample that produces the vertical zero- and first-order 

diffraction spots, light producing additional diffraction spots also pass through the 

slit. This produces the textured horizontal lines observed in the simulated RP image 

shown in Figure 4(h), and in the corresponding experimental RP image shown in 

Figure 2.2(e).  

 We then processed, using the SDL imaging algorithm, each set of nine 

simulated RP images. The SDL imaging algorithm starts by assuming an initial 

approximation of the RP-OD. As this is often chosen in FPM [16-20], we choose 

p(r)≡0 and a(r) as the amplitude corresponding to a low-resolution RP image 

obtained with the same experimental setup but without the slit. We implemented the 

SDL imaging algorithm using Matlab® code [24] and using nearest neighbors 

interpolation for the rotating slit operation. Figure 5 shows the simulation results 

corresponding to the two sets of experiments.  

 

Fig. 2.5. (a, d) Synthetic intensity FP images, (b, e) RP intensity images, and (c, f) RP 

phase images, which were obtained by processing, with the SDL imaging algorithm, 

the simulated RP images corresponding to the experimental setup using (a-c) white-

light, and (d-f) thermal radiation. Arrows point to zero- and first-order diffraction 

spots. [44]. 
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              The simulation results obtained after 10 iterations of the SDL imaging algorithm, where 

nine previously simulated RP images corresponding to the experimental setups sketched in 

Figures 2.1(a) and 2.1(b) were processed, are shown in Figures 2.5(a) to 2.5(c), and2.5(d) to 

2.5(f), respectively. From left to right, each set of figures includes the synthetic intensity FP 

image, and the corresponding intensity and phase RP images. In the two cases, the intensity and 

phase RP images exhibit the known periodicity of the samples. Using a standard metric for 

quantitative comparison of the exact and simulated RP-ODs [25-26], we obtained (square root 

of the mean square error) RMS values 0.006 and 0.005, which are small values, for the 

simulations corresponding to the experiments with white-light and thermal radiation, 

respectively. This strongly suggests that processing the experimental RP images with the SDL 

imaging algorithm should permit to recover the unmeasured phase of the RP-OD. Besides the 

periodic phase, in the RP phase images shown in Figures 2.5(c) and 2.5(f), the random phase 

noise introduced while simulating the RP images is also observed. In excellent correspondence 

with the periodicity seen in the RP intensity and phase images, several diffraction spots [pointed 

out by arrows only in Figure 2.5(a)] are present in the synthetic FP images shown in Figures 

2.5(a) and 2.5(d).  

              In addition of performing a complete simulation of the two sets of experiments 

described in Section 2.2, we performed a more general SDL imaging simulation for an arbitrary 

sample which, we assumed, is observed with the experimental set up sketched in Figure 2.1(a). 

Nine simulated RP images were obtained as described above. As expected, a larger number of 

iterations of the SDL imaging algorithm were needed for an arbitrary sample when compared to 

periodic structures. The results of processing the nine simulated RP images with the SDL 

imaging algorithm, after 100 iterations, are shown in Figure 2.6. 
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Fig. 2.6.  Assumed (a) amplitude and (b) phase of the OD corresponding to an 

arbitrary sample.  Obtained RP-OD’s (c) amplitude and (d) phase by processing with 

the SDL imaging algorithm nine simulated RP images. [44]    

 

 Figures 2.6(a) and 2.6(b) shows, respectively, the assumed exact amplitude 

and phase of the OD corresponding to the arbitrary sample. To start the simulation, 

we used images of large objects of high interest (stars and clouds in the sky), which 

could be photographed using a telescope or a camera, for highlighting the potential 

applications of SDL imaging technique. The amplitude and phase of the RP-OD 

obtained by processing the nine previously simulated RP images, after 100 iterations 

of the SDL imaging algorithm, are shown in Figures 2.6(c) and 2.6(d), respectively. 

Most of the notable features in Figures 2.6(b) are present in Figure 2.6(d); therefore, 

suggesting that SDL photography should also permit to recover the unmeasured phase 

of the RP-OD for arbitrary samples. We attribute the small phase errors in Figure 

2.6(d) to insufficient number of images. Nine intensity RP images seems sufficient 

for imaging the simple periodic phase of a Ronchi-ruling, but may be not enough to 

recover the intricate details of the light field phase produced by an arbitrary sample.  

A comprehensive simulation study of the applicability of the SDL imaging algorithm 

for arbitrary samples will be reported by the authors elsewhere. 

2.4 Processing the Experimental Images with the SDL Imaging Algorithm 

        We processed the three sets of experimental RP images following the same 

procedure described in Section 2.3 for the simulated RP images. Figure 2.7 shows the 

obtained results.  
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Fig. 2.7. (a, d) Synthetic intensity FP images, (b, e) RP intensity images, and (c, f) RP 

phase images, which were obtained by processing, with the SDL imaging algorithm, 

the experimental RP images taken with the experimental setup using (a-c) white-light, 

and (d-f) thermal radiation. (g) and (h) horizontal line profiles corresponding to (c) 

and (f), respectively. (i) Vertical line profile corresponding to (f). [44]. 

 

 The results obtained after 10 iterations of processing with the SDL imaging 

algorithm the nine experimental RP images, which were obtained with the 

experimental setups sketched in Figures 2.1(a) and 2.1(b), are shown in Figures 2.7(a) 

to 2.7(c) and Figures 2.7(d) to 2.7(f), respectively. From left to right, each set of 

figures includes the synthetic intensity FP image, and the corresponding intensity and 

phase RP images. In the two cases, the intensity and phase RP images exhibit the 

known periodicity of the samples. Figure 2.7(g) shows a line profile taken along the 

horizontal direction in the phase image shown in Figures 2.7(c). Figure 2.7(h) shows 

a line profile taken along one of the slightly inclined lines, respect to the horizontal 

direction, which are clearly visible in the phase image shown in Figure 2.7(f). Figure 

2.7 (i) shows a line profile taken perpendicularly to those lines in the phase image 

shown in Figure 2.7 (f). In all cases the line profiles show the known periodicities of 

the samples. This demonstrates that processing the experimental RP images with the 

SDL imaging algorithm permits to recover the unmeasured phase of the RP-OD. A 
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comparison of simulation results shown in Figure 2.5 and the results obtained using 

the experimental images reveal a good correspondence between simulations and 

experiments. We attributed to the low-coherence of the used illumination sources, the 

lower contrast in the RP phase images shown in Figures 2.5(c) and 2.5(f) when 

compared to the simulated RP images shown in Figures 2.7(c) and 2.7(f). As the 

degree of coherence in the imaging system is determined by the bandwidth of the 

spectral filter used, we expect that better results could be obtained using bandpass 

spectral filters with smaller bandwidths. Similar to FPM, the SDL imaging algorithm 

assumes coherent illumination. However, like in FPM, the good correspondence 

between simulated RP images (Figure 2.4) and experimental RP images (Figure 2.2), 

and between simulations (Figure 2.5) and results obtained using experimental images 

(Figure 2.7), demonstrates that partially coherent illumination is enough to 

successfully implement the SDL photography technique.  

 It should be emphasized that there is lack of point-to-point correspondence 

between the experimental or simulated RP images shown in Figures 2.2 and 2.4, 

respectively, and the real sample structure. This is a natural consequence of the 

presence of the slit in the FP of the optical system. This does not result in distortion of 

the recovered RP-OD but is a necessary condition for the successful convergence of 

the SDL imaging algorithm to a RP-OD, which module square have a point-to-point 

correspondence to the sample’s structure. Nevertheless, it is possible that in addition 

to diffraction by the slit, which is included in the SDL imaging algorithm, some 

amount of additional scattering could be produced by the interaction of the light with 

the slit. This additional scattering could occur whatever the shape of the slit is, and it 

may contribute to the small distortion observed in the recovered RP-OD. It is also 

important to understand that the recovered RP-OD is not the OD that could be 

observed during the experiments in the RP of the imaging system, but the OD that 

could be observed if the sample was illuminated with a coherent plane wave 

impinging perpendicularly to the sample.  
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2.5  Conclusions 

            We presented proof-of-concept experiments and simulations demonstrating the   

SDL photography technique, which permits to image the intensity and phase of the 

optical disturbance when the sample is illuminated by a collimated beam from either 

white-light or thermal radiation source. A rotating slit placed in the FP of the optical 

system scanned the direction of the light that was diffracted by the sample. Images of 

the sample obtained for different slit orientations are different. This provides the 

required image diversity for the successful convergence of the presented SDL imaging 

algorithm. 
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CHAPTER III 

STUDY OF THERMAL RADIATION MORIE PATTERNS USING 

COHERENT ILLUMINATION-DIRECTION-MULTIPLEXING 

FOURIER PTYCHOGRAPHIC IMAGING 

 

             A novel phase-recovery imaging technique named coherent illumination-

direction-multiplexing (IDM) Fourier Ptychographic Microscopy (FPM) was recently 

reported [27]. IDM, which consists of the simultaneous illumination of a sample from 

different directions, can be coherent or incoherent depending on the coherence, or lack 

of it, between the different beams that simultaneously illuminate the sample. Incoherent 

IDM-FPM has been previously demonstrated for decreasing the imaging time required 

in FPM [28-30]. FPM is a promising non-interferometric phase-recovery imaging 

technique [31-42] where the sample is successively illuminated from several different 

directions one at the time [40-42]. A low-resolution intensity-image of the sample is 

captured for each direction, and then high-resolution intensity and phase images of the 

sample are numerically constructed using the FPM algorithm [40-42]. Coherent IDM is 

commonly used in structured illumination microscopy (SIM) for increasing the 

resolution of the images obtained with a microscope [43-44]. For instance, SIM can be 

implemented by illuminating the sample with an interference pattern formed over the 

sample. In SIM, the image formed directly at the microscope’s camera is not an image 

of the sample but a Moiré pattern carrying information about the sample’s structure; 

therefore, numerical processing of the raw images is needed for obtaining a high-

resolution image of the sample [43-44].  

            As an interesting alternative to the numerical processing in SIM, a numerical 

coherent IDM-FPM algorithm was reported for obtaining intensity and phase images of 

a sample from a set Moiré patterns, which were experimentally obtained using coherent 

IDM [27]. It was also reported the use of a Ronchi-ruling with a simple one-

dimensional periodicity for simultaneously illuminating the sample with different 

visible-light beams coherent with each other [27].  In this work, we investigate the 

stability and convergence of the coherent IDM-FP imaging algorithm for more complex 
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situations. First, we explore the use of a two-dimensional diffractive element for 

producing more complex Moiré patterns. Second, we use a thermal radiation source for 

studying the formation of thermal-radiation Moiré patterns. We found that the reported 

coherent IDM-FPM algorithm does not converge properly in more general situations 

than previously reported. 

             In Chapter III, we organized in the following manner: In Section 3.1, we 

describe the samples, the experimental arrangements used in this work, and the 

experimental images obtained. In Section 3.2, we discuss the coherent IDM-FPM 

algorithm used to process the experimental images described in Section 3.1. In Section 

3.3, we present full simulations of the experiments using the algorithms described in 

Section 3.2. Then in Section 3.4, we present the results obtained after processing the 

experimental images with the numerical algorithms discussed in Section 3.3.  Finally, 

the conclusions of this work are presented in Section 3.5. 

3.1. Experiment 

Figure 3.1 shows a schematic illustration of the experimental setup used in this work. 

 

Fig. 3.1. Schematic illustration of the experimental setup. 
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 Figure 3.1 shows the 4-f imaging arrangement used in the experiments.  

A custom-made thermal source heated at ~ 200o C was used for producing a 

collimated thermal beam. To increase the coherence of the thermal beam, a spectral 

filter with center wavelength λ = 9.5 µm and a 0.50.1 m passband was used. The 

filtered beam then illuminated a diffracting element, which was a metallic mesh with 

square symmetry. The diffracting element then produced several beams coherent with 

each other that simultaneously illuminated the sample from several directions. The 

sample was another metallic mesh with square lattice symmetry and period p = 400 

µm. The light diffracted by the sample was then collected by a biconvex infrared-

coated ZnSe lens with 50 mm focal length (f) that was placed a distance f from the 

sample. A 640480 pixels thermal camera connected to an internal 12 mm manual 

focusing lens was used for collecting intensity images of the sample. We determined 

that the imaging system sketched in Figure 1 has a numerical aperture NAo = 0.025. 

We conducted experiments using diffracting elements with periods p = 400 µm .In 

this case, the diffracting element was rotated from 0o to 180o angles ( ) in 20o 

increments. An IDM image of the sample was taken at each diffraction element 

orientation; therefore, eight intensity RP images were obtained. Figures 3.2 .IDM 

intensity images obtained using the experimental setup sketched in Figure 1 and the 

diffracting element with p = 400 µm.   

 

Fig. 3.2. Examples of experimental intensity images obtained using the experimental 

setup sketched in Fig. 1 and the diffracting element with p = 400 μm oriented at θ = (a) 

0 ͦ, (b) 20 ͦ, (c) 40 ͦ, (d) 60 ͦ, and (e) 80 ͦ (f). Photograph of the used sample obtained using 

a common camera without any diffracting element. 
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            Figures 3.2(a) to 3.2(e) show instances of the experimental intensity images 

obtained using the experimental setup sketched in Figure 3.1 and the diffracting element 

with p = 400 μm. From Figure 3.2(a) to 3.2(e), the diffracting element was oriented at θ 

= 0o, 20 o, 40o, 60o and 80o. Only the image shown in Figure 3.2(a) have the same 

structure of the sample, a photograph of which, obtained using a common camera 

without any diffracting element, is shown in Figure 2(f). However, the images shown in 

Figures 3.2(b) to 3.2(e) are not images of the sample but Moiré patterns. A comparison 

of Figures 3.2(b) to 3.2(e) shows that the observed Moiré pattern depends of the 

diffracting element orientation. As expected, a comparison of the images shown in 

Figures 3.2 demonstrate that the observed Moiré pattern also depends on the period of 

the diffracting element.  

3.2 Coherent IDM-FPM Algorithm  

            Figure 3.3(a) shows a block diagram of the coherent IDM-FPM algorithm [1]. It 

is similar to the incoherent IDM-FPM algorithm [2-4]. As it will be discussed below, 

the principal difference between both algorithms is shown in Figure 3.3(b).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3. (a) Flow chart of coherent IDM-FPM algorithm. (b) The value of the modified 

amplitude of the OD in each point is proportional to the value of the calculated 

amplitude of the OD in the same point. The proportionality constant in each point 
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depends on the ratio between the measured experimental intensity (I) and the total 

intensity at that point (IT), which is calculated adding complex ODs. 

 

            As shown in the block (1) in Figure 3.3(a), the coherent IDM-FPM algorithm 

starts (iteration index m=0) by assuming an arbitrary amplitude (am=0(r)) and phase 

(pm=0 (r)) of the optical disturbance (OD) at the microscope’s real plane (RP) [28-30]. 

Then, as shown in block (2) of Figure 3.3(a), the initial approximation (m=1, j=1) for 

the actual OD at the microscope’s Fourier plane (FP) is obtained by applying a two-

dimensional (2D) Fourier transform (F) operation to the initial RP-OD in the following 

way [28-30]:    
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 Then, as sketched in block (3) in Figure 3.3(a), the ODs associated to each of 

the single illumination directions (labeled q = 1, 2, …,N ), which contribute to the 

first (j=1) IDM low-resolution RP image, are calculated as [28-30]: 
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          (2)                  

 

…where Wo is a circular window of radius NAo and centered at k = 0. Equation (2) 

corresponds to the successive application of the operations “shift” and “window.” 

First, the complex function describing the optical disturbance in the Fourier plane 

(FP-OD) is shifted toward the FP position kq corresponding to the qth illumination 

direction. The shift is then followed by a multiplication by Wo, so that the resulting 

FP image is limited to an experimentally realizable numerical aperture (NAo). It is 

worth noting that the illumination directions in the experimental set up sketched in 

Figure 1 are the directions of the diffraction beams produced by the diffracting 

element; therefore, kq = {kx = ± NAc, ky = 0} and { kx = 0, ky = ± NAc}, and where NAc 
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= λ/p is the numerical aperture of the condenser corresponding to the first-order 

diffraction beams. As sketched in block (4) in Figure 3(a), the ODs in the RP (RP-

ODs) corresponding to each calculated FP-OD are then obtained by applying an 

inverse 2D Fourier transform (F-1) operation as follows [28-30]: 
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                 (3)

                                 

The next step in single illumination-direction FPM is the substitution of the amplitude 

of the calculated RP-OD (am,j,q(r)) by the square root of the intensity of the 

corresponding experimental (or simulated) low-resolution RP image [42-44]. 

However, as sketched in block (5) in Figure 3(a) and in Figure 3.3(b), in the coherent 

IDM-FPM algorithm, the amplitudes of the calculated RP-ODs are modified in the 

following way [27]: 
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…where IRP,j is the intensity of the experimental (or simulated) IDM low-resolution 

RP image number j. In Eq. (4), the total intensity of the IDM RP image (IRPT) is 

calculated as the square of the module of the multiplexed OD in the RP (ODRPT), 

which is calculated as the sum of the complex RP-ODs corresponding to the N 

illumination directions being multiplexed. In incoherent IDM-FPM, IRPT is not 

calculated by adding complex RP-ODs, but as the sum of the intensities of the 

calculated RP images corresponding to the N illumination directions being 

multiplexed [28-30]. Therefore, as stated above, Eq. (4) is a distinctive feature of the 

coherent algorithm when compared with the corresponding incoherent one. As 

sketched in block (6) in Figure 3.3(a), the FP-ODs corresponding to each RP-OD are 

then recalculated with the following equation [27-30]:  
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 It is worth noting that the recalculated FP-ODs (block (6) in Figure 3.3(a) are 

improved versions of the previously calculated FP-ODs [block (3) in Figure 3(a)] 

because the information contained in the experimental (or simulated) IDM images has 

been incorporated into the recalculated FP-ODs. Then, as sketched in the block (7) of 

Figure 3.3(a), the next approximation of the synthetic FP-OD is calculated in the 

following way [27-30]: 
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            (6)

 

 As shown by the arrow between blocks (7) and (2) in Figure 3.3(a), after the 

synthetic FP-OD is updated, it is used as the actual approximation for the next 

multiplexed images (j=2, 3…, M). The operations included in the box with 

discontinuous-line in Figure 3 are successively done for each experimental (or 

simulated) IDM image. This constitutes the first algorithm iteration (m=1). The 

algorithm should converge after several iterations. Finally, as shown in the block (8) 

in Figure 3.3(a), the amplitude and phase corresponding to the final high-resolution 

RP image is obtained by applying an inverse 2D Fourier transformation of the 

complex function corresponding to the updated FP-OD.  

3.3 Simulations 

 In this work, we performed full simulations of the experiments described in 

Section 2. We first simulated the one of eight IDM images of the sample that were 

obtained experimentally using diffracting element. We assumed the parameters 

corresponding to the experimental set up shown in Figure 3.1. We also assumed, from 

the square symmetry of the diffracting element, that five beams coherent to each other 
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were produced by the diffracting element. The sample was perpendicularly 

illuminated by the thermal radiation that passed through the diffracting element 

without diffraction. Four first-order diffraction beams also illuminated the sample 

with inclined illumination. In absence of the sample, these beams would produce in 

the FP of the optical system four first-order diffraction spots at (kx = ± λ/p, ky = 0) and 

(kx = 0, ky = ± λ/p). The simulated IDM images were calculated assuming a known 

OD at the sample’s plane followed by using Eqs. (1) to (3) as indicated by the blocks 

(1) to (4) in Figure 3.3(a), and calculating IT as shown in Figure 3.3(b). That is, the 

simulated IDM ODs at the RP were calculated as the coherent superposition of the 

individual RP-ODs, and the simulated IDM RP images were calculated as the square 

of the amplitudes of the simulated IDM ODs. Figures 3.3, show instances of the 

simulated IDM RP images obtained assuming both amplitude and phase of OD at the 

sample plane have the same periodicity of the known structure of the sample.  

 

 

Fig. 3.4 Examples of simulated IDM-RP images obtained assuming coherent IDM, the 

phase of OD has the same periodicity as of the known structure of the sample, and the 

diffracting element oriented at θ = (a) 0 ,ͦ (b) 20 ,ͦ (c) 40 ,ͦ (d) 60 ͦ, and (e) 80 ͦ. 

 

            Figure 3.4 shows instances of simulated IDM RP images corresponding to the 

different orientations of the diffracting element with p = 400 µm. A comparison of the 

experimental images shown in Figure 2.3 with the corresponding simulated IDM RP 

images shown in Figure 3.5 reveals a good correspondence between the simulated 
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and experimental Moiré patterns. This suggests, the experimental Moiré patterns were 

formed by the coherent superposition of the ODs produced by each thermal beam that 

was illuminating the sample. 

 

Fig. 3.5 Examples of simulated IDM-RP images obtained assuming incoherent IDM, 

the phase of OD has the same periodicity as of the known structure of the sample, and 

the diffracting element oriented at θ = (a) 0 ͦ, (b) 20 ͦ, (c) 40 ,ͦ (d) 60 ͦ, and (e) 80 ͦ 

respectively. 

 

 As expected, a good correspondence was observed between the simulated 

IDM images shown in Figures 3.5 the corresponding experimental images shown in 

Figure 3.2 This suggests the experimental Moiré patterns were formed by the 

coherent superposition of the ODs produced by each thermal beam that was 

illuminating the sample. However, we found that if the OD’s phase does not have the 

same known structure of the sample, then the simulated images do not match the 

experimental images well. For instance, Figures 3.6 show the simulated IDM images 

that were simulated assuming a constant phase of the OD at the sample plane by the 

incoherence.   

            A direct comparison of simulated IDM images shown in Figures 4 and 5 with the 

experimental IDM images shown in Figure 2 suggests that the phase of the OD at the 

sample plane does have the known structure of the sample. We then processed the eight 

simulated IDM images obtained in Figures 4.3 and 5.3 assuming both amplitude and 

phase of OD at the sample plane have the same periodicity of the known structure (Figure 



 Texas Tech University, Hawra Alghasham, May 2019 

28 

 

3.3) using the coherent IDM-FPM described in Section 4. We studied one case; in one, 

we assumed that the phase of the initial aproximation of the OD is also equal to the 

known structure of the sample; in the other, we assumed that a constant phase of the OD. 

Figure 6.3 shows the results obtained.  

 

 

Fig. 3.6. (a,d) Synthetic intensity FP images, (b, e) RP intensity and (c, f) phase images, 

which were obtained by processing the simulated RP images with the coherent IDM 

FPM algorithm, and assuming as initial approximation the correct amplitude and (a-d) 

the correct phase but (d-f) pm=0 (r)≡ 0. Exact RP (g) intensity and (h) phase images. 

 

            Figures 6(a) to 6(c) show results obtained by assuming as the initial 

approximation the correct amplitude of the RP-OD but phase null (pm=0 (r)≡ 0). 

Figures 6(d) to 6(f) show results obtained by assuming the correct amplitude and 

phase of the RP-OD as the initial approximation. Figures 6(g) and 6(h) show the 

exact intensity and phase distributions that were assumed in the simulations.  

From left to right, both sets of three figures includes the synthetic intensity FP 

image and the corresponding intensity and phase RP images obtained after 10 

iterations of the coherent IDM-FPM algorithm. A comparison between the 

intensity RP images shown in Figures 6(b), 6(e), and 6(g) shows that the correct 

periodic structure is clearly visible in the obtained intensity RP images 



 Texas Tech University, Hawra Alghasham, May 2019 

29 

 

independently of the initial phase approximation. This is in excellent 

correspondence with the arrays of diffraction spots with square symmetry and 

period λ/p = 0.03, which are clearly visible in the synthetic FP images shown in 

Figures 6(a) and 6(d). This result indicates that the coherent IDM-FPM 

algorithm permits to obtain intensity images with the correct structure of the 

sample from a set of Moiré patterns. However, a comparison of the intensity 

images shown in Figures 6(c), 6(f), and 6(h) reveals that the intensity image 

shown in Figure 6(c) is incorrect, which indicates that the coherent IDM-FPM 

algorithm did not converged to the correct phase when the initial phase is not the 

correct one. Nevertheless, the excellent correspondence between the phase 

images shown in Figures 6(f) and 6(h) demonstrates that the coherent IDM-FPM 

algorithm is stable; i.e., it maintains the original phase if it is the correct one. 

3.4 Processing of the Experimental Images 

 

Fig. 3.7. (a) Synthetic intensity FP images, (c) RP phase image, and (b) RP intensity 

image, which were obtained by processing, FPM with the imaging algorithm, the 

experimental RP images taken with the experimental setup sketched  Fig. 3.1. 

   

            We processed the experimental images the coherent IDM-FPM algorithm 

asuming that the amplitude of the initial aproximation of the OD is equal to the known 

structure of the sample, but the phase is constant. Figure 3.7 shows the obtained result. 

The results obtained after 10 iterations of processing the eight experimental RP images 

with the FPM imaging algorithm, which were obtained with the experimental setups 

sketched in Figure 1, are shown in Figures 3.7 (a), (b), and (c), respectively. From left 

to right, each set of figures includes the synthetic intensity FP image and the 
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corresponding intensity and phase RP images.  In this case, the intensity and phase RP 

images exhibit the known periodicity of the samples. This demonstrates that processing 

the experimental RP images with the FPM imaging algorithm permits to not recover the 

unmeasured phase of the RP-OD. A comparison of simulation results shown in Figures 

3.7 and the results obtained using the experimental images reveal not good 

correspondence between simulations and experiments. We argue that the proposed 

algorithm is too sensible to small variations of the phase because the interference 

phenomena is very sensible to phase fluctuations, thus the importance of interference 

effects is more prominent when the sample is illuminated by beams that are coherent 

with each other.   

3.5 Conclusions 

            We presented an implementation of the coherent IDM-FPM technique using 

thermal radiation. We explained the observed Moiré patterns in terms of the mutual 

coherence of the diffraction beams produced by the interaction of a thermal beam with a 

diffractive element with periodic structure. It was demonstrated the capability of the 

coherent IDM-FPM technique for obtaining, from a set of Moiré patterns, intensity 

images with the correct structure of a sample. We found the numerical algorithm to be 

stable when the phase of the optical disturbance at the sample’s plane is known, but it 

fails to determine the correct phase when it is unknown. This indicates that further 

convergence-improvement of the numerical algorithm is necessary. 
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CHAPTER IV 

 

COMPARATIVE STUDY OF DIFFERENT IMPEMENTATIONS OF 

SCANNING DIFFRACTED-LIGHT IMAGING USING THERMAL 

SOURCES 

  
            Fourier ptychographic imaging (FPM) is a well-known method for imaging the 

complete (phase and amplitude) optical disturbance (OD) at the sample plane. 

Previously, our research group demonstrated a variation on FPM named scanning-

diffracted light (SDL) imaging, where the required image diversity is obtained by 

scanning the Fourier plane (FP) of the imaging system using a rotating slit placed in the 

FP of the imaging system [44-45]. In this work we explore alternative ways of scanning 

the FP using different translating scanners. We show that we can obtain similar results 

provide that the FP scanner allows for the necessary imagen diversity.    

            In this chapter, we organized in the following manner. In Section 4.1, we 

describe the samples, the experimental arrangements used in this work, and the 

experimental images obtained. In Section 4.2, we describe the SDL imaging algorithm 

and SDL photography simulations made with this numerical algorithm. Then in Section 

4.3, we present the results obtained after processing the experimental images with the 

numerical algorithm discussed in Sections 4.2. Finally, the conclusions of this work are 

presented in Section 4.4.  

4.1 Experimental  

Figure 4.1 shows the schematic illustrations of experimental setup used in this work.   

 

Fig. 4.1. Schematic illustration of the experimental setup 
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              Figure 4.1 shows a schematic illustration of the 4f photography arrangement used in the 

experiments with thermal sources. A 640480-pixel resolution thermal camera connected to a 

12 mm manual focusing lens was used for collecting intensity images of the sample. A spectral 

filter with center wavelength λ = 9.5 µm and a Fourier plane scanner were also inserted in the 

path of the diffracted light. A custom made thermal source heated at ~200 degrees Celsius was 

used for illuminating the sample with a collimated radiation beam.  In the experimental setup 

sketch in Figure 1, a Fourier plane scanner was placed in the back focal plane of a biconvex 

infrared coated ZnSe lens with 50 mm focal length. As the FP was scanned, a different intensity 

image of the sample was obtained for each position of the scanner. The effective numerical 

aperture (NA) of the imaging system was 0.03 NA.  

 

 

Fig. 4.2. Schematic illustrations of the used Fourier plane scanners: (a) flat edge, (b) vertical slit, 

and (c) circular aperture. (d) Photograph of the sample. 

 

              As shown in Figure 4.2, we conducted several experiments using three different ways 

to scan the FP the Fourier plane scanner. A flat edge [Figure 4.2(a)] and a vertical slit with a 

width of 0.02 NA [Figure 4.2(b)] were translated horizontally at 0.004 NA steps, which 

corresponds to nine different positions of the FP scanner. The FP was also scanned by a circular 

aperture with a 0.03 NA radius [Figure 4.2(c)], which was translated horizontally and vertically 
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to thirty different positions. A photograph of the sample used in all the experiments, which was 

a metallic mesh with square lattice symmetry and period p = 400 µm, is shown in Figure 4.2(d). 

Figure 4.3 shows representative RP intensity images obtained with the experimental setup 

sketched in Figure 4.1. 

 

 

Fig. 4.3 Examples of experimental intensity RP images obtained using the experimental 

setup sketched in (a-b) Fig 4.1. Fig (a,b) using the edge , (c,d) rectangular slit and (e,f) a 

circular aperture. 

 

 Figures 4.3(a) and4.3 (b) show to images obtained using the experimental 

setup sketched in Figure 4.1 using edge as a FP scanner. Figures 4.3(a) and 4.3(b) 

where obtained when the vertical slit was translated horizontally a distance of 0.01 

NA and 0.04 NA. Figures 4.3(c) and 4.3(d) show to images obtained using the 

experimental setup sketched in Figure 1 using a vertical slit as a FP scanner. Figures 

4.3(c) and 4.3(d) where obtained when the vertical slit was translated horizontally a 

distance of 0.01 NA and 0.05 NA. Figures 4.3(e) and 4.3(f) show to images obtained 

using the experimental setup sketched in Figure 1 using circular aperture as a FP 

scanner. Figures 4.3(e) and 4.3(f) where obtained when the circular aperture was 

translated horizontally a distance of 0.01 NA and 0.04 NA. We performed detailed 

simulations of each set of experiments to investigate the origin of the image diversity 

produced by the Fourier plane scanner. 

4.2 SDL Photography Algorithm and Simulations 

 Figure 4.3 shows a schematic illustration of the SDL imaging flowchart 

algorithm, which is similar to the well-known FPM algorithm [44-45]. 
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Fig. 4.4 SDL imaging algorithm flowchart. 

             The SDL imaging algorithm when a translating FP scanner is used is similar to 

the SDL imaging algorithm corresponding to the case of using a rotating slit to scan the 

FP, which have been previously reported [44-45]. Briefly, as shown in the block (1) of 

Figure 4.4, the SDL imaging algorithm starts by assuming some initial approximation 

for the amplitude and phase of the RP-OD, which could be observed using the imaging 

system sketched in Figure 4.1 but without the Fourier plane scanner. Then, as shown in 

the block (2) of Figure 4.4, the first actual approximation of the FP-OD is calculated by 

applying a two-dimensional (2D) Fourier transform operation (F). The scanner is then 

translated in the FP of the optical system as shown in block (3) and, as shown in the 

block (4) of Figure 4.4, it is calculated the first approximation to the FP-ODj that could 

be observed when the Fourier plane scanner is placed at the planned position. This step 

differentiates the SDL imaging algorithm from the FPM algorithm. In FPM imaging, 

diversity is achieved by illuminating the sample from different directions, while in SDL 

imaging, the required image diversity is obtained by scanning the direction of the light 

diffracted by the sample with the FP scanner. Then, as shown in the block (5) of Figure 
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4.4, the corresponding RP-ODj is obtained by applying a 2D inverse Fourier transform 

operation (F-1). As shown in the block (6) of Figure 4.4, like in FPM [44-45], in SDL 

imaging, the calculated amplitude of the RP image, observable with the Fourier plane 

scanner at the planned position, is substituted by the amplitude corresponding to the 

experimental or simulated RP image. Then, as shown in the block (7) of Figure 4.4, the 

FP-ODj is recalculated. Next, as shown in the block (8) of Figure 4.4, the updated 

approximation of the FP-OD that could be observed by the imaging system sketched in 

Figure 1 but without the Fourier plane scanner, is calculated by adding a weighted 

difference between the calculated and recalculated FP-ODj to the actual approximation 

of the FP-OD. As shown by the arrow between blocks (8) and (2) in Figure 4.4, after the 

initial approximation of the FP-OD is updated, the updated FP-OD is used as the actual 

approximation. This constitutes the first iteration in the SDL imaging algorithm, and the 

algorithm should converge after several iterations. Finally, as shown in the block (9) of 

Figure 4.4, the 2D Fourier transform of the FP-OD gives the final RP-OD that could be 

observed using the imaging systems sketched in Figure 4.1 but without the Fourier 

plane scanner. We performed a complete simulation of the set of experiments described 

in Section 4.2. First, we obtained a set of nine simulated RP images corresponding to 

the use of the flat edge and the vertical slit. We also simulated thirty RP images 

corresponding to the use of the translating circular aperture as the FP scanner. The 

simulated RP images in each set correspond to each set of experimental RP images 

obtained with the experimental setup sketched in Figure 4.1 as described above. The 

simulated RP images were calculated assuming known amplitude and phase of the OD 

at the sample’s plane plus 3% of additive random (uniform) intensity and phase noise. 

As expected, a good correspondence was observed between the simulated intensity RP 

images shown in Figure 4.4 and the corresponding experimental images shown in 

Figure 4.3.See more detail about the SDL algorithm in chapter 2. 
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Fig. 4.5 Examples of pairs of simulated FP and RP images corresponding to the 

experimental RP images obtained using the experimental setup sketched in Fig. 4.1(a), 

and (a-d) Fig 4.5  with the edge , (e-h)  with rectangular slit and (i-l) with circular 

aperture with different position. 

 

 Figure 4.5(a) to 4.5(d) show two examples of pairs of simulated FP and RP 

images that were obtained assuming the experimental setup sketched in Figure 1 

using a flat edge. The simulated RP images shown in Figure 4.5(b) and 4.5(d) are in 

good correspondence with the experimental images shown in Figure 4.3(a) and 

4.3(b), respectively. As illustrated in the simulated FP images shown in Figure 4.5(a) 

and 4.5(c), different positions in the FP of the flat edge result in sampling different 

regions of the FP, which produce the wanted image diversity. The light diffracted by 

the sample is blocked more by the flat edge in Figure 4.5(a) than in Figure 4.5(c); this 

results in an image of the sample observed in Figure 4.4(d) but not in Figure 4.4(b). 

Figure 4.5(e) to 4.5(h) show two examples of pairs of simulated FP and RP images 

that were obtained assuming the experimental setup sketched in Figure 1 using the 

vertical slit. The simulated RP images shown in Figure 4.5(f) and 4.5(h) are in good 

correspondence with the experimental images shown in Figure 4.3(c) and 4.3(d), 

respectively. The absence of first order diffraction spots in the horizontal direction in 

the FP image shown in Figure 4.5(g) is the reason why in Figure 4.4(h) and 4.3(d) is 

absent the vertical periodicity of the sample. Figure 4.5(i) to 4.5(l) show two 

examples of pairs of simulated FP and RP images that were obtained assuming the 

experimental setup sketched in Figure 1 using a circular slit as the FP scanner. The 
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simulated RP images shown in Figure 4.5(j) and 4.5(l) are in good correspondence 

with the experimental images shown in Figure 4.3(e) and 4.3(f), respectively. We 

then processed, each set of simulated RP images using the SDL imaging algorithm. 

The SDL imaging algorithm starts by assuming an initial approximation of the RP-

OD. As this is often chosen in FPM [1], we chose the initial phase identically null and 

the initial amplitude as the amplitude corresponding to a low-resolution RP image 

obtained with the same experimental setup sketched in Figure 4.1 but without any FP 

scanner. Figure 4.5 shows the simulation results corresponding to each experiment. 

We then processed, using the SDL imaging algorithm, each set of nine simulated RP 

images with edge and rectangular slit and thirty wit circular aperture. The SDL 

imaging algorithm starts by assuming an initial approximation of the RP-OD. As this 

is often chosen in FPM [1], we choose p(r)≡0 and a(r) as the amplitude 

corresponding to a low-resolution RP image obtained with the same experimental 

setup but without the slit. Figure 4.6 shows the simulation results corresponding to 

the set of experiment.  

 

Fig. 4.6. (a, d,g) Synthetic intensity FP images, (b, e, f) RP intensity images, and (c, f, 

h) RP phase images, which were obtained by processing, with the SDL imaging 

algorithm. 
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              The simulation results obtained after 10 iterations of the SDL imaging algorithm, 

where nine previously simulated RP images corresponding to the experimental setups 

sketched in Figures 4.1(a) with edge and rectangular slit were processed, are shown in Figures 

4.6(a) to 4. 6(c), and 4. 6(d) to 4. 6(f), respectively.  And from  4.6(g)  to 4.6 (h) were 

processed with thirty RP images circular aperture .From left to right, each set of figures 

includes the synthetic intensity FP image, and the corresponding intensity and phase RP 

images. In this case, the intensity and phase RP images exhibit the known periodicity of the 

samples. Using a standard metric for quantitative comparison of the exact and simulated RP-

ODs [1]. This strongly suggests that processing the experimental RP images with the SDL 

imaging algorithm should permit to recover the unmeasured phase of the RP-OD. Besides the 

periodic phase, in the RP phase images shown in Figure s4.6(c), 4.6(f) and 4.6(i), the random 

phase noise introduced while simulating the RP images is also observed in excellent 

correspondence with the periodicity seen in the RP intensity and phase images. FP images are 

shown in Figures 4.6(a), 4.6(d) and 4.6(g). In addition of performing a complete simulation of 

the set of experiment described in Section 4.2, we performed a more general SDL imaging 

simulation for an arbitrary sample which, we assumed, is observed with the experimental set 

up sketched in Figure 4.1(a). Thirty simulated RP images where obtained as described above. 

As expected, a larger number of iterations of the SDL imaging algorithm were needed for an 

arbitrary sample when compared to periodic structures. The results of processing the thirty 

simulated RP images with the SDL imaging algorithm, after 50 iterations, are shown in 

Figure 4.7. 
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Fig. 4.7.  Assumed (a) amplitude and (b) phase of the OD corresponding to an arbitrary sample.  

Obtained RP-OD’s (c) amplitude and (d) phase by processing with the SDL imaging algorithm 

nine simulated RP images. 

 

              Figures 4.7(a) and 4.7(b) show, respectively, the assumed exact amplitude and phase of 

the OD corresponding to the arbitrary sample. To start the simulation, we used images of large 

objects of high interest (stars and clouds in the sky), which could be photographed using a 

telescope or a camera, for highlighting the potential applications of SDL imaging technique. 

The amplitude and phase of the RP-OD obtained by processing the thirty previously simulated 

RP images, after 50 iterations of the SDL imaging algorithm, are shown in Figures 4.7(c) and 

4.7(d), respectively. Most of the notable features in Figure 4.7(b) are present in Figure 4.7(d); 

therefore, suggesting that SDL photography should also permit to recover the unmeasured 

phase of the RP-OD for arbitrary samples.  A comprehensive simulation study of the 

applicability of the SDL imaging algorithm for arbitrary samples will be reported elsewhere. 
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4.3. Processing the Experimental Images with the SDL Imaging Algorithm  

  

 

Fig. 4.8. (a,d,g) Synthetic intensity FP images, (b, e,h) RP intensity images, and (c, f,i) 

RP phase images, which were obtained by processing, with the SDL imaging algorithm, 

the experimental RP images taken with the experimental setup sketched in  Fig. 4.1(a). 

 

 The results obtained after 10 iterations of processing with the SDL imaging 

algorithm the nine experimental RP images with edge and rectangular slit, which 

were obtained with the experimental setups sketched in Figures 4.1(a) are shown in 

Figures 4.8(a) to 4.8(c) and Figures 4.8(d) to 4.8(f), respectively. Also, we processing 

with the SDL imaging algorithm the thirty experimental RP images with circular 

aperture. From left to right, each set of figures includes the synthetic intensity FP 

image, and the corresponding intensity and phase RP images.  In this case, the 

intensity and phase RP images exhibit the known periodicity of the samples. This 

demonstrates that processing the experimental RP images with the SDL imaging 

algorithm permits to recover the unmeasured phase of the RP-OD. A comparison of 

simulation results shown in Figure 4.6 and the results obtained using the experimental 

images reveal a good correspondence between simulations and experiments. We 
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attributed to the low-coherence of the used illumination sources, the lower contrast in 

the RP phase images shown in Figures 4.8(c), 4.8(f) and 4.8(i) when compared to the 

simulated RP images shown in Figures 4.6(c), 4.6(f) and 4.6(i). Similar to FPM, the 

SDL imaging algorithm assumes coherent illumination. However, like in FPM, the 

good correspondence between simulated RP images (Figure 4.4) and experimental RP 

images (Figure 4.2), and between simulations (Figure 4.6) and results obtained using 

experimental images (Figure 4.8), demonstrates that partially coherent illumination is 

enough to successfully implement the SDL photography technique. 

 4.4. Conclusions 

            We presented proof-of-concept experiments and simulations demonstrating the 

generality SDL imaging technique, which permits imaging the intensity and phase of 

the optical disturbance when the sample is illuminated by a collimated beam thermal 

radiation source. A Fourier plane scanner placed in the FP of the optical system scanned 

the direction of the light that was diffracted by the sample. Images of the sample 

obtained for different Fourier plane scanner positions are different. This provides the 

required image diversity for the successful convergence of the presented SDL imaging 

algorithm.  We show that the SDL imaging technique can be implemented by using 

scanning the FP in different ways using very different scanners. 
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SUMMARY 

            I explored several extensions of the Fourier ptychography microscopy (FPM) 

technique, which is a promising but well-known phase-recovery imaging technique. In 
chapter 1 and chapter 3, I extended from microscopy to photography the scanning-

diffracted-light (SDL) microscopy technique recently demonstrated in our research 

group, which permits to implement the Fourier ptychography (FPM) technique using a 

single illumination direction. Also, I showed SDL imaging can realized with thermal 

radiation. I explored the coherent illumination-direction multiplexing (IDM) FPM 

technique, also recently demonstrated in our research group, using thermal radiation. I 

explained the observed Moiré patterns in terms of the mutual coherence of the 

diffraction beams produced by the interaction of a thermal beam with a diffractive 

element with periodic structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

43 

 

BIBLIOGRAPHY 

 

1. E. Hecht, Optics (Addison Wesley, 1998). 

 

2. M. Born and E. Wolf, Principle’s of Optics (Pergamon Press, 1975). 

 

3. J. W. Goodman, Introduction to Fourier Optics (McGraw-Hill, 1968). 

 

4. Christian J. Schwarz, Yuliya Kuznetsova, and S. R. J. Brueck, “Imaging interferometric 

microscopy,” Opt. Lett.   28, 1424 (2003). 

 

5. Hillman, T. R., Gutzler, T., Alexandrov, S. A., and Sampson, D. D., “High-resolution, 

wide-field object reconstruction with synthetic aperture Fourier holographic optical 

microscopy,” Opt. Express 17, 7873 (2009). 

 

6. A. E. Tippie, A. Kumar, and J. R. Fienup, “High-resolution synthetic-aperture digital 

holography with digital phase and pupil correction,” Opt. Express 19, 12027 (2011). 

 

7.  D. Sayre, “Some implications of a theorem due to Shannon,” Acta Crystallogr. 5, 843 

(1952). 

 

8. R.W. Gerchberg, W.O. Saxton, “A practical algorithm for determination of phase from 

image and diffraction plane pictures,” Optik 5, 237 (1972). 

 

9. J.R. Fienup, “Reconstruction of an object from the modulus of its Fourier transform, Opt. 

Lett. 3, 27 (1978). 

 

10. J.R. Fienup, Phase retrieval algorithms: a comparison, Appl. Opt. 21, 2758 (1982). 

 

11. H.M.L. Faulkner, J.M. Rodenburg, “Movable aperture lensless transmission microscopy: 

A novel phase retrieval algorithm,” Phys. Rev. Lett. 93, 023903 (2004). 

 

12. J.M. Rodenburg, A.C. Hurst, A.G. Cullis, B.R. Dobson, F. Pfeiffer, O. Bunk, C. David, 

K. Jefimovs, I. Johnson, Hard-X-ray lensless imaging of extended objects, Phys. Rev. 

Lett. 98, 034801 (2007). 

 

13. M. Humphry, B. Kraus, A. Hurst, A. Maiden, J. Rodenburg, “Ptychographic electron 

microscopy using high-angle dark-field scattering for sub-nanometer resolution 

imaging,” Nat. Commun. 3, 730 (2012). 

 

14. A.M. Maiden, J.M. Rodenburg, M.J. Humphry, Optical ptychography: a practical 

implementation with useful resolution, Opt. Lett. 35, 2585 (2010)–2587. 

 



 Texas Tech University, Hawra Alghasham, May 2019 

44 

 

15. A.M. Maiden, M.J. Humphry, F. Zhang, J.M. Rodenburg, “Superresolution imaging via 

ptychography,” J. Opt. Soc. Am. A 28, 604-612 (2011). 

 

16. G. Zheng, R. Horstmeyer, and C. Yang, "Wide-field, high-resolution Fourier 

ptychographic microscopy," Nature Photonics 7, 739-745 (2013). 

 

17. X. Ou, R. Horstmeyer, G. Zheng, and C. Yang, “High numerical aperture Fourier 

ptychography: principle, implementation and characterization,” Opt. Express 23, 3473 

(2015). 

 

18. A. Ishtiaque, M. Alotaibi, S. Skinner-Ramos, D. Dominguez, A. A. Bernussi, and L. 

Grave de Peralta, “Fourier Ptychographic Microscopy at communication wavelengths 

using a femtosecond laser,” Opt. Comm. 405, 363-367 (2017). 

 

19. L. Tian, X. Li, K. Ramchandran, L. Waller, “Multiplexed coded illumination for Fourier 

Ptychography with an LED array microscope,” Biomedical Optics Express 5, 2376-2389 

(2014). 

 

20. Y. Zhang, W. Jiang, L. Tian, L. Waller, and Q. Dai, “Self-learning based Fourier 

ptychographic microscopy,” Optics Express, 23, 18471-18486, (2015). 

 

21. S. Dong, R. Horstmeyer, R. Shiradkar, K. Guo, X. Ou, Z. Bian, H. Xin, and G. Zheng, 

“Aperture-scanning Fourier ptychography for 3D refocusing and super-resolution 

macroscopic imaging,” Optics Express 22, 13586 (2014). 

 

22. S. Skinner-Ramos, H. Farooq, H. Alghasham, A. A. Bernussi, and L. Grave de Peralta, 

“Subwavelength resolution scanning diffracted-light microscopy using plasmonic 

ultrathin condensers,” Opt. Express 26, 19718-17728 (2018). 

 

23. H. Farooq, S. Skinner-Ramos, H. Alghasham, A. A. Bernussi, and L. Grave de Peralta, 

“Scanning diffracted-light microscopy,” Appl. Opt. 57, 7329-7337 (2018). 

 

24. X. Ou, G. Zheng, and C.Yang, “Embedded pupil function recovery for Fourier 

ptychographic microscopy,” Opt. Express 22, 4960-4972 (2014). 

 

25. J. R. Fienup, “Invariant error metrics for image reconstruction,” Appl. Opt. 36, 8352–

8357 (1997). 

 

26. H. Farooq, S. Skinner-Ramos, H. Alghasham, A. A. Bernussi, and L. Grave de Peralta, 

“Coherent illumination-direction-multiplexing dual-space and Fourier ptychographic 

microscopy,” Modern Optics (In publishing). 

 



 Texas Tech University, Hawra Alghasham, May 2019 

45 

 

27.  L. Tian, X. Li, K. Ramchandran, and L. Waller, “Multiplexed coded illumination for 

Fourier ptychography with LED array microscope,” Biomed. Opt. Express 14, 3093 

(2014). 

 

28.  K. Guo, S. Dong, P. Nanda, and G. Zheng, “Optimization of sampling pattern and the 

design of Fourier ptychographic illuminator,” Opt. Express 23, 6171 (2015). 

 

29. M. Alotaibi, S. Skinner-Ramos, A. Alamri, B. Alharbi, M. Alfarraj, and L. Grave de 

Peralta, “Illumination direction multiplexing Fourier ptychographic microscopy using 

hemispherical digital condensers,” Appl. Opt. 56, 4052-4057 (2017). 

 

30.  D. Sayre, “Some implications of a theorem due to Shannon”, ActaCrystallogr. 5, 

843-843 (1952). 

 

31. R. W. Gerchberg, and W. O. Saxton, “A practical algorithm for determination of phase 

from image and diffraction plane pictures”, Optik35, 237-245 (1972).  

 

32. J. R. Fienup, “Reconstruction of an object from the modulus of its Fourier 

transform,” Opt. Lett. 3, 27–29 (1978). 

 

33.  J. R. Fienup, “Phase retrieval algorithms: a comparison,” Appl. Opt. 21, 2758–

2769 (1982).  

 

34.  H. M. L. Faulkner, and J. M. Rodenburg, “Movable aperture lensless transmission 

microscopy: A novel phase retrieval algorithm,” Phys. Rev. Lett. 93, 023903 (2004).  

 

35.  J. M. Rodenburg, A.C. Hurst, A.G. Cullis, B.R. Dobson, F. Pfeiffer, O. Bunk, C. David, 

K. Jefimovs, and I. Johnson, “Hard-X-ray lensless imaging. 

 

36.  M. Humphry, B. Kraus, A. Hurst, A. Maiden, and J. Rodenburg, “Ptychographic 

electron microscopy using high-angle dark-field scattering for sub-nanometer resolution 

imaging,” Nature communications 3, 730 (2012).  

 

37.   A. M. Maiden, J. M. Rodenburg, and M. J. Humphry, “Optical ptychography: a 

practical implementation with useful resolution,” Opt. Lett. 35, 2585-2587 (2010).  

 

38.   A. M. Maiden, M. J. Humphry, F. Zhang, and J. M. Rodenburg, “Superresolution 

imaging via ptychography,” J. Opt. Soc. Am. A, 28, 604-612 (2011). 

 

39.  G. Zheng, R. Horstmeyer, and C. Yang, “Wide-field, high-resolution Fourier 

ptychographic microscopy,” Nat. Photonics 7, 739–745 (2013). 

 



 Texas Tech University, Hawra Alghasham, May 2019 

46 

 

40. X. Ou, R. Horstmeyer, G. Zheng, and C. Yang, “High numerical aperture Fourier 

ptychography: principle, implementation and characterization,” Opt. Express 23, 3473 

(2015). 

 

 

41. S. Sen, A. Ishtiaque, B. Aljubran, A. A. Bernussi, and L. Grave de Peralta, “Fourier 

ptychographic microscopy using an infrared-emitting hemispherical digital 

condenser,” App. Opt.55, 6421-6427 (2016). 

 

42. M. G. Gustafsson, “Surpassing the lateral resolution limit by a factor of two using 

structured illumination microscopy,” J. Microsc. 198,82–87 (2000). 

 

43. S. Chowdhury, A. Dhalla, and J. Isatt, “Structured oblique illumination microscopy for 

enhanced resolution imaging of non-fluorescent, coherently scattering samples,” Biomed. 

Opt. Express 3, 1841–1854 (2012). 

 

44.  H. Alghasham .H. Farooq,  Ceren, S. Skinner-Ramos, H. Alghasham, A. A. 

Bernussi, and L.Grave de Peralta, “Scanning diffracted-light photography using 

white-light and thermal radiation sources,” Appl. Opt. Vol. 57, No. 34 /1 December 

, D 342617(2018). 

   

45.  H. Farooq, S. Skinner-Ramos, H. Alghasham, A. A. Bernussi, and L. 

Grave de Peralta, “Scanning diffracted-light microscopy,” Appl. Opt. 

57, 7329–7337 (2018). 

 

  

 

 

 

 

 

 

 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

47 

 

APPENDIX 

Note,  

I have permission from the Journal (Applied Optics) see this an email below 

Dear Hawra Alghasham, 

  

Thank you for contacting The Optical Society. 

  

For the use of material from Hawra Algasham, Hira Farooq, Ceren Uzun, Sueli Skinner-

Ramos, Ayrton A. Bernussi, and Luis Grave de Peralta, "Scanning diffracted-light 

photography using white-light and thermal radiation sources," Appl. Opt. 57, 9997-

10003 (2018): 

  

Because you are the author of the source paper from which you wish to 

reproduce material, OSA considers your requested use of its copyrighted 

materials to be permissible within the author rights granted in the Copyright 

Transfer Agreement submitted by the requester on acceptance for publication of 

his/her manuscript. If the entire article is being included, it is requested that 

the Author Accepted Manuscript (or preprint) version be the version included 

within the thesis and that a complete citation of the original material be included 

in any publication. This permission assumes that the material was not 

reproduced from another source when published in the original publication. 

  

The Author Accepted Manuscript version is the preprint version of the article 

that was accepted for publication but not yet prepared and/or formatted by The 

Optical Society or its vendors. 

  

While your publisher should be able to provide additional guidance, OSA prefers the 

below citation formats: 

   

For citations in figure captions: 

  

[Reprinted/Adapted] with permission from ref [x], [Publisher]. (with full citation 

in reference list) 

  

For images without captions: 

Journal Vol. #, first page (year published) An example: Appl. Opt. 57, 9997 

(2018) 

 Please let me know if you have any questions.  

 Kind Regards, 



 Texas Tech University, Hawra Alghasham, May 2019 

48 

 

Rebecca Robinson December 17, 2018 Authorized Agent, The Optical Society The 

Optical Society (OSA) 2010 Massachusetts Ave., NW Washington, DC 20036 

USAwww.osa.org 

This is my published paper 

 

 
 

 

 

 

 

https://na01.safelinks.protection.outlook.com/?url=www.osa.org&data=02%7C01%7CHawra.Alghasham%40ttu.edu%7Cd9760bb2ec53470f146408d66463cfb3%7C178a51bf8b2049ffb65556245d5c173c%7C0%7C0%7C636806777184690697&sdata=svBjGac1L%2FsK1vqKAAwjB45YGlNQu7eC06oRUQmsUe4%3D&reserved=0


 Texas Tech University, Hawra Alghasham, May 2019 

49 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

50 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

51 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

52 

 

 

 
 

 
 

 

 

 
 

 

 
 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

54 

 

 

 

 
 

 

 

 

 

 

 

 

 



 Texas Tech University, Hawra Alghasham, May 2019 

55 

 

 

 

 
 

 

 

 

 

 

 


