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ABSTRACT 

Fourier Ptychographic Microscopy (FPM) is a novel and promising phase-recovery 

imaging technique that can surpass Rayleigh resolution limit when imaging non-periodic 

samples. However, we show that in photonic crystal imaging applications the resolution 

limit of the FPM technique cannot surpass Rayleigh resolution limit. We present a 

comprehensive discussion of this loophole in the FPM technique and we discuss how this 

limitation can be overcome.  
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CHAPTER I 

INTRODUCTION 

            Ptychography microscopy (PM) forms an established image technique of phase-

recovery that originally developed to obtain crystal lensless images from a set of collected 

patterns [1-5]. It is possible to obtain images of both periodic and non-periodic samples 

using modern PM techniques for samples that have resolution below the Rayleigh 

resolution limit defined by λ/(2NAo) [6-8], where NAo gives the numerical aperture and the 

λ being the wavelength in the vacuum for the imaging radiation [9-11]. A more recent 

phase-recovery imaging technique is the Fourier Ptychographic Microscopy which is 

gaining a lot of interest [12-15]. The FPM and PM are almost similar in image recovery 

process that relies on iteration to solve an estimate consistent with the measurements of 

many intensities. However, there is a difference between the two in that FPM does not 

display patterns of diffraction although various images of the sample are obtained 

experimentally under different angles of illumination as well as the object support 

constraint in the FPM algorithm which are imposed in the Fourier domain [12].  In addition, 

the original development for FPM was inspired by biological applications where non-

periodic samples are the norm. Combining FPM with optical microscope with an objective 

lens of NA0 and large field-of-view enables observation of a larger area sample with the 

resolution being enhanced thereby resulting to images that have increased content 

information [12]. Studies that are using samples that have no periodic structures shows that 

just like PM, FPM enables images with resolution below λ/(2NAo) to be obtained. [12, 15]. 

However, there are recent reports that show that FPM does not image photonic crystals that 

have a period (p) smaller than the Rayleigh resolution limit, unlike PM [16]. We therefore 

present a comprehensive discussion with regard to the resolution limit of FPM used in 

imaging photonic crystals [17]. To support our discussion, there are both the experiments 

and simulations results that show what we are discussing. Particularly, to simplify the 

problem, and obtain an understanding, we provide a one-dimensional simulation that is 

based in ID version of the standard FPM algorithm [12-15]. To do this, two things are our 

point of focus; why PM allows imaging crystals that have p < λ/(2NAo) but fails for the 
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FPM with same conditions, and the reasons behind the failure of the FPM to image 

photonic crystals that have p< λ/(2NAo) but in non-periodic samples, FPM is capable of 

resolving for distances less than λ/(2NAo). We also present the simulation results that show 

that generally, for photonic crystals that have p > λ/(2NAo), the FPM algorithm will always 

converge to the right real plane (RP) image formed by the photonic crystal and will thus 

recover the corresponding phase of the complex light field or the optical disturbance [11] 

formed at the sample plane. However, at times, the FPM may fail to recover the correct 

image of the RP when p < λ/(2NAo).Also, we take than the minimum observable period in 

account which given by: 

                                                      min

o c

p
NA NA





                                              (1) 

 

The findings here are interesting to anyone interested in the development of a reliable 

phase-recovery algorithms. The findings show that there is a loophole in the technique of 

the FPM which requires to be addressed to allow maximum dissemination of the phase-

recovery technique. The rest of the paper is organized as follows The experimental results 

are also presented showing that the resolution of the FPM in plasmonic crystal imaging 

applications cannot be any better than λ/(2NAo). Section 2 describes the process of 

obtaining simulated low-resolution RP images of plasmonic crystals. In Section 3, there 

are the results of the 1D simulation of imaging of photonic crystals utilizing the FPM 

technique. Finally, in Section 4, the conclusion of our work is presented.
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CHAPTER II 

SIMULATION OF LOW-RESOLUTION IMAGES OBTAINED BY 

ILLUMINATING A 1D PHOTONIC CRYSTAL FROM SEVERAL DIRCTIONS 

 

              The 1D periodic crystal (p=500 nm) that is illuminated by a plane wave impinging 

the sample at normal incidences is illustrated through figure 2.1(a) showing amplitude (a(x))  

and figure 2.1(b) showing the block (intensity) and phase (p(x)) [11]. Similarly, the Fourier 

transform (F) of the complex function a(x)eip(x is illustrated by figure 2.1(c) showing amplitude 

(A(k)) block and figure 2.1(d) showing its phase (P(k)). The general equation of the simulation 

is:  

 

 

 

The Fourier transforms are graphed as a function of numerical aperture (NA) for the purposes 

of making simulation analysis simpler. Numerical aperture units can be obtained when we 

divide wave-number (k) with 2π/λ. To match the maximum emission of LEDs in the particular 

HDC, the simulation requires λ = 450 nm [16, 18-19]. The diffraction pattern of the illuminated 

sample is illustrated in figure 2.1(c) which is conducted at normal incidence [11]. In the figure, 

the spikes are corresponding to diffraction spots in different orders [11]. 

 

 

 

 

 

 

 

 

 

                    ( ) ( )( ) ( )iP k ip xA k e F a x e                                  (2)                                                                                                              
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Figure 2.1. (a) shows intensity and figure (b) shows the phase that is associated to the transmitted light through a 1D photonic crystal with p = 500 

nm illuminated by a plane wave at normal incidence. The intensity and the phase that corresponds to the Fourier transform of the complex function 
the transmitted light are illustrated by figure (c) showing intensity and figure (d) showing its phase. Through objective lens and the synthetic 

numerical aperture we can observe small (red) and large (green) windows that represent the region FP. This is possible when the example is 

illuminated by a perpendicular light. The red spots represent the emissions of the LED. Figure (e) shows the intensity of the FP image while figure 
(f) shows the phase acquired when the 1D photonic is illuminated from the innermost red spot. The illumination occurs along k>0 and NAo = 1.3. 

On the other hand, figure (g) shows the intensity of the simulated RP image with low resolution while figure (h) shows its corresponding phase. 

Intensity, phase, x, and k are plotted in arbitrary units, radians, μm, and NA units, respectively. 
 

 

The main assumption in the 1D simulation process is that one-dimensional array of light LEDs 

provide the inclined simulation. In figure 2.1(c) and its inset correspond to the direction of 

illumination with the red spots. This produces four sets of LEDs with NAc= 0.58, 0.73, 0.89 

and 0.97 that have an equal condenser numerical aperture. The circulation of LEDs in the HDC 

used as a part of the investigations included a coordinated dissemination of the LEDs [16, 18-

19].  The region of the FP observable by the objective lens under perpendicular illumination 

(Wo)  are illustrated in figures 2.1(d) and 2.1(f) with small (red) and large (green), through FM 

technique we can obtain the synthetic numerical aperture (NAs) [12-16]. When this experiment 

is illuminated by adjacent LEDs, the base cover between the perceptible areas of the FP gave 
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 91% for NAo= 0.8 and 94% for NAo= 1.3. In figure 2.1(e) and figure 2.1(f) a case of simulated 

FP image with small NAo (Aj(k)2) is illustrated. This is accompanied by its corresponding phase 

(Pj(k)). This case relates to transmitted light being gathered by an objective lens with NAo = 

1.3. Additionally, it shows the example being illuminated by the LED with NAc= 0.58.  In the 

inset of figure 2.1(c), the LEDs corresponding direction of illumination is shown by the left 

most red spot. Amplitude and phase comparing to the FP image identified with each LED was 

mimicked utilizing the accompanying condition: The following equation shows the amplitude 

and the phase as simulated by the corresponding FP image of each LED:  

 

 

 

 

From the above equation, Wo is a rectangular window with center k = 0 and width 2NAo. The 

successive application of the operations “shift” and “window” is illustrated in the equation (2). 

The function A(k)eiP(k) is shifted by kj to the FP position. This position corresponds to the 

direction of the illumination that is produced by the LED number j. This shift is followed by 

multiplication by Wo, to limit the realizable numerical aperture (NAo) of the resulting FP 

image. This can be demonstrated in figure 2.1(e) right innermost red spot where the position 

of the zero-order diffraction spike is the same after the shift. In the same figure, the two 

diffraction spikes remain inside the window Wo   after the shift. This is because they are only 

diffraction spikes. By using inverse one-dimensional Fourier transform (F-1) relation as shown 

in the equation below, we can obtain the amplitudes (aj(x)) and phases (pj(x)) that correspond 

to simulated low-resolution RP images (aj(x)2) [11]: 

 

 

 

 

 

 

                    
( ) ( )

( ) ( ) .j jiP k iP k k

j j oA k e A k k e W


                                 (3)                                                                                       

 

                    
( ) ( )1( ) ( )j jip x iP k

j ja x e F A k e  
 

                                    (4)                                                                       
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The recreated low-resolution RP image (aj(x)2)  is illustrated in figures 2.1(g) while its 

corresponding phase (pj(x)) is illustrated in figure 2.1(h). This was obtained through equation 

(4)  of recreated image. Figures 2.1(e) and 2.1(f) show the corresponding phases respectively. 

The correlation between figures 2.1(a) and 1(g) demonstrates the low-resolution character of 

the RP image appearing in figure 2.1(g). This has a similar periodicity of the photonic crystal.  

However, it has lost the sharp corners introduced in the first crystal. The objective lens’ finite 

numerical aperture limits the maximum spatial frequency that can be collected. This is the 

reason why there are only two spikes separated by a distance of λ/p =0.9. The comparing zero 

and first diffraction orders can be seen in the FP image appearing in figure 2.1(e). On the other 

hand, figure 2.1(c) shows the different spikes. By and by, the perception of the right periodicity 

of the photonic crystal in the recreated low-resolution RP image in figure 2.1(g) demonstrates 

that the crystal's periodic structure was resolved.The observation of periodic features in the 

RP image of the sample when two consecutive orders of diffraction are caught in the 

comparing FP image is in brilliant correspondence with the criteria for resolution in the Abbe's 

theory of image formation.  This expresses that the periodic structures in the example could 

be seen in the RP image. This is on a condition that the diffraction highlights relating to two 

consecutive diffraction requests could be seen in the corresponding FP image [11, 20-23]. It 

ought to be noticed that there is a great relation between the simulated FP and RP images and 

the experiments periodicity py = 500 nm of the RP and FP images.  
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CHAPTER III 

IMAGE RECONSTRUCTION USING 1D FPM ALOGORITHM. 

 

FPM utilizes a set of low-resolution RP images in an iterative numerical calculation that 

merges to a high-resolution RP image.FPM is phase-recovery algorithm that calculates the 

experimentally unmeasured phase which corresponds to each low-resolution RP image. 

The RP image is obtained through illumination of the sample with a single LED at a time. 

Figure 3.1 below illustrates a schematic diagram of the 1D FPM algorithm. The algorithm 

is used in this work but it is 1D version of the popular 2D FPM algorithm.  [12-15].  

 

  

 

 

 

 

 

 

 

 

 

Figure 3.1. Schematic diagram of the 1D FPM algorithm. An iteration includes the successive application, to each simulated low-resolution RP 
image in the set of images to be used, of all operations contained inside of the box with discontinuous-line. The algorithm converges after 

several iterations.  

 

As illustrated in the first block of figure 3.1, we began the calculation by accepting 

Amplitude (am=0) and phase (pm=0) indistinguishably equivalent to one and zero. As the 

initial approximation (m=0,j=0) relating to the high-resolution RP image RP image (am=0 

(A)2). At that point, as illustrated in the block (2) in Figure 3.1 the first actual approximation 

(m=1, j=1) of the amplitude and phase relating to the FP image with large NAs are 

ascertained utilizing Equation (2). As illustrated in the block (3) in Figure 3.1 
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 This takes after by the utilization of Equation (3) to compute the first approximation to the 

amplitude (Am=1,j=1(k)) and phase (Pm=1,j=1(k)) relating to the FP image with NAo (Am 

=1,j=1(k) 2) that would be watched illuminating the sample with the LED number j. At that 

point, as illustrated in the piece (4) in Figure 3.1, the Amplitude (am =1,j=1(x)) and phase 

(pm =1,j=1(x)) comparing to the related resolution RP image are figured utilizing Equation 

(4). As illustrated in the blocks (5) and (6) in Figure 3.1, the figured amplitude of the 

resolution RP image (am =1,j=1(x)) is substituted by the Amplitude of the comparing 

mimicked resolution RP image (aj=1(x)). This is the progression where the deliberate data 

contained in the trial resolution RP images is incorporated into the 2D FPM calculation 

[12-16]. At that point, as illustrated in the piece (7) in Figure 3.1, the amplitude and phase 

relating to the FP image with NAo is recalculated by the use of the Fourier transform 

operation took after by multiplication by the window Wo.; i.e., utilizing Equation (5) 

assessed for m=1 and j=1: 

 

                                      
, ,( ) ( )

, ( ) ( ) .
rec

m j m jiP k ip xrec

m j j oA k e F a x e W 
 

 (5) 

 

 Finally, as shown in the block (8) in Figure 3.1, the synthetic numerical aperture is updated 

using Equation (6) evaluated for α=1:  

, ,( ) ( )( ) ( )

, ,( ) ( ) ( ) ( )
recupd

m j j m j jm m
iP k k iP k kiP k iP kupd rec

m m m j j m j jA k e A k e A k k e A k k e
      

 
        (6)  

 

In Equation (6), the updated approximations of the amplitude and phase corresponding to 

the synthetic numerical aperture are calculated by, first, start shifting the complex functions 

relating to the calculated and recalculated FP images with NAo by the sum - kj, and after 

that adding the difference between them to the complex function relating to the actual 

approximation of the synthetic numerical aperture. As illustrated in the block (8) and (2) 

in Figure 3.1, after the initial approximation of the FP image with large  NAs is updated, 

the Amplitude and phase comparing to the updated FP image with NAs are utilized as the  
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actual approximation (j=2) of them. The operations incorporated into the case with 

discontinuous-line in Figure 3.1 are progressively accomplished for each simulated 

resolution RP image (demonstrated by the sub-record j) in the arranperiodent of simulated 

resolution RP images to be utilized. This constitutes the first iteration (m=1) in the FPM 

calculation, which ought to unite after a few iterations. At long last, as illustrated in the 

block (9) in Figure 3.1. the one-dimensional Fourier transform of the complex function 

corresponding to the updated FP image with large NAs gives the amplitude and phase 

relating to the last high-resolution RP image. We found that normally convergence happens 

after couple of dozen iterations, yet so as to make certain that we don't miss any essential 

improvement, we investigated the calculation comes about even after a great many 

iterations without finding huge contrasts with the results got at convergence. Figure 3.2 

demonstrates the results acquired after 600 iterations of the 1D FPM calculation utilizing 

the eight resolution RP images simulated with NAo = 1.3.  

 

Figure 3.2. (a) Intensity and (b) phase corresponding to the high-resolution RP image of a periodical object with p = 500 nm obtained 

with the FPM algorithm using all low-resolution images simulated with NAo = 1.3. (c) Intensity and (d) phase corresponding to related 

FP image with NAs = 2.27. Intensity, phase, x, and k are plotted in arbitrary units, radians, μm, and NA units, respectively. 

 

As illustrated in Figure 3.2(a), the photonic crystal 1D structure with p = 500 nm is plainly 

resolved in the acquired high-resolution RP image that was calculated utilizing the FPM 

calculation. Figure 3.2(b) demonstrates the relating recuperated phase. Figures 3.2(c) and 

5(d) demonstrate the amplitude and phase, individually, comparing to the got FP image 

with NAs = NAo + NAc = 2.27. The increase in resolution of the acquired high-resolution 

RP image is in magnificent correspondence with the larger number of  
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spikes in the synthetic FP image illustrated in Figure 3.2(c), when compared and the 

simulated FP image illustrated in Figure 3.2(e). As illustrated in the inset of Figure 3.2(c), 

the main request diffraction spikes are set at NA = λ/p = 0.9, of course for p = 500 nm. 

Resolution of the photonic crystal structure in the acquired high-resolution RP image when 

NAo = 1.3 is practically a trivial practice since this structure is noticeable in each of the 

simulated resolution RP images.In any case, the results illustrated in Figure 3.2 exhibit that 

the executed 1D FPM calculation performed accurately. We then concentrated the critical 

case p < λ/(2NAo) because we needed to decide, when the question under perception is a 

photonic crystal, regardless of whether the resoltion limit of FPM is given by Equation (1) 

or by the Rayleigh  resolution limit    

 

 

 

Figure 3.3. Intensity of (a, e) low-resolution RP and (b, f) corresponding FP images associated with a photonic crystal with p = (a-b) 267 nm 
and (e-f) 250 nm that were simulated using NAo = 0.8 and NAc = 0.97. Intensity of (c, g) high-resolution RP and (d, h) corresponding FP 

images with NAs = 1.77 obtained with the FPM algorithm using all simulated low-resolution images. Intensity, x, and k are plotted in arbitrary 

units, radians, μm, and NA units, respectively. 
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Utilizing a similar technique that is depicted in Section 2, we made complex capacities 

a(x)eip(x) relating to photonic crystals with Pmin  < p = 267 nm < λ/(2NAo) = 281 nm and 

p = 250 nm < Pmin  = 254 nm (not illustrated). In these two cases, all mimicked resolution 

RP images are like those illustrated in Figures 3.3(a) and 3.3(e), where the sample's 

periodic structure is not noticeable on the grounds that p is smaller than the Rayleigh 

resolution constrain. The RP images illustrated in Figures 3.3(a) and 3.3(e) have level with 

Amplitude all over the place. Be that as it may, the intensity in the RP image illustrated in 

Figure 3.3(a) (Figure 3.3(e)) is not quite the same as (equivalent to) zero. This is in 

correspondence to simulated FP images with NAo = 0.8 for p = 250 nm (267 nm) being 

like those illustrated in Figure 3.3(f) (Figure 3.3(b)), where no (just a single) diffraction 

spike is noticeable.Figures 3.3(g) and 3.3(h) demonstrate the intensity of the high-

resolution RP image and the relating FP image with NAs = 1.77, individually, got with the 

FPM calculation after 600 iterations, utilizing all simulated resolution RP images for p = 

250 nm. In astounding correspondence with Equation (1), no periodic structure can be seen 

in the high-resolution RP image illustrated in Figure 3.3(g). The non-zero intensity of the 

high-resolution RP image illustrated in Figure 3.3(g) is expected to the non-diffracted light 

associate with the zero-order diffraction spike display in the FP image with NAs = 1.77 

illustrated in Figure 3.3(h). Figures 6(c) and 6(d) demonstrate the Amplitude of the high-

resolution RP image and the relating FP image with NAs = 1.77, individually, got with the 

FPM calculation after 600 iterations, utilizing all simulated resolution RP images for p = 

267 nm. Here, an incorrect period of ~ λ/NA = 459 nm was resolved from the periodic 

structure obvious in the high-resolution RP image illustrated in Figure 3.3(c), while as 

illustrated in the inset of Figure 3.3(d), the first-order diffraction spikes were situated at 

NA = 0.97, which coordinates largest value NAc of the LEDs utilized as a part of the 

simulation and contrasts for the right value λ/p ~ 1.69.The results discussed up to this point 

in this Section and shown in Figs. 3.2 and 3.3 constitute particular instances indicating that 

the Rayleigh resolution limit is the resolution limit of FPM technique when used for 

imaging photonic crystals. To be sure about the generality of this statement and taken  
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advantage of the high speed of the 1D FPM algorithm , we performed 1D simulations of 

FPM imaging of thousands of photonic crystals with periods above and below of λ/(2NAo). 

Fig. 3.4 shows the result of these simulations.  

 

 

Figure 3.4. Plots of the dependence of the average value of the normalized mean square error metric on the number of iterations of 1D 

FPM simulation of photonic crystals with period p, for (a) p > λ/(2NAo), and (b) λ/(2NAo) < p < λ/(2NAo).  

 

Description of Fig. 3.4 concluding that λ/(2NAo) is the resolution limit of FPM technique 

when utilized for imaging photonic crystals. Keeping in mind the end goal to additionally 

comprehend why this happens, we played out an exhaustive investigation of each 

progression of the FPM calculation. The straightforwardness of our 1D approach permitted 

us to decide key relations in the numerically escalated FPM calculation. Figure 3.5 

indicates initial few phases of the first iteration of the FPM calculation relating to a periodic 

structure with p = 500 nm, for NAo = 0.8 and NAc = 0.87. As illustrated in the block (1) 

in Figure 3.1, the calculation begins by accepting amplitude and phase indistinguishably 

equivalent to one and zero, individually, as the initial approximation of the high-resolution  
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RP image. At that point, as illustrated in the piece (2) in Figure 4, the initial approximation 

of the amplitude comparing to the FP image with large NAs is zero aside from a spike at k 

= 0 and the related phase is indistinguishably equivalent to zero. 

 

 

Figure 3.5. Results obtained in the first iteration of the FPM algorithm corresponding to a periodic structure with p = 500 nm, NAo = 

0.8, and NAc = 0.87. (a) Intensity and (b) phase corresponding to calculated low-resolution RP image. (c) Intensity and (d) phase 
corresponding to recalculated FP image with NAo. (e) Intensity and (f) phase corresponding to simulated low-resolution RP image. (g) 

Intensity and (h) phase corresponding to FP image with NAo recalculated using amplitude and phase of simulated low-resolution RP 

image. Intensity, phase, x, and k are plotted in arbitrary units, radians, μm, and NA units, respectively.  

 

Figures 3.5(a) and 3.5(b) shows the intensity (am=1, j=1(x)) and phase (pm=1, j=1(x)) of the 

low-resolution RP image, respectively, that were calculated as shown in the block (4) in 

Fig. 3.1, in the first iteration (m=1) of the FPM algorithm that started (j=1) with the 

illumination produced by the LED with NAc = 0.87 in the direction kj > 0. Then, as 

mentioned in the blocks (5) and (6) in Fig. 3.1, the calculated amplitude of the low-

resolution RP image (am=1, j=1(x)) is substituted by the amplitude (aj=1(x)) of the 

corresponding low-resolution RP image simulated. Figs. 3.5(c) and 3.5(d) show the  

 



Texas Tech University, Mohammed Alotaibi, May 2017 
 

14 
 

 

intensity and phase, respectively, corresponding to the recalculated FP image with small 

NAo, which was calculated as shown in the block (7) in Fig. 3.1, using Eq. (5). As shown 

in the inset of Fig. 3.5(c), there is a single spike at k = 0 in the recalculated FP image. This 

spike is a first-order diffraction spike because NAc = 0.87 > NAo. In correspondence with 

Eq. (6), and as shown in the block (8) in Fig. 3.1, after shifting the recalculated FP image 

by a –kj=1, a first-order diffraction spike will be added at NA = –0.87 to the updated FP 

image with large NAs. This is an error because the correct position of this first-order 

diffraction spike is –λ/p = –0.9. The misplacement of the first-order diffraction spike in 

Figs. 3.5(c) could be avoided if the phase corresponding to the low-resolution RP image 

was known. Figs. 3.5(e) and 3.5(f) show the intensity and phase (pj=1(x)) corresponding to 

the low-resolution RP image, respectively, that were simulated for NAc = 0.87 and kj=1 > 

0. The amplitude and phase corresponding to the recalculated FP image with small NAo = 

0.8 obtained using the amplitude and phase shown in Figs. 3.5(e) and 3.5(f) are shown in 

Figs. 3.5(g) and 3.5(h), respectively. As shown in the inset of Fig. 3.5(g), a single first-

order diffraction spike shifted from k = 0 is now observed in the recalculated FP image 

with small NAo. We found that the observed shift in numerical aperture units (ΔNA) is 

determined by the following equation: 

                           cNA NA
p

 
   

 
                        (7) 

 

Where the – (+) sign corresponds to the direction of illumination kj > 0 (kj < 0). From 

Equation (7), we calculated ΔNA = –0.03, which is in excellent correspondence with the 

spike’s shift observed in the inset of Figure 3.5(g).Therefore, after the recalculated FP 

image with small NAo is shifted by the amount –kj=1, this peak appears in the correct 

position NA = – 0.03 – 0.87 = – 0.9 in the updated FP image with large NAs. Once λ and 

NAc are known, Equation (7) permits to calculate p from the shift of the first-order 

diffraction spike (ΔNA). Moreover, we found that ΔNA is determined by the period (Λ) and 

the initial value (pj(x=0)) of the phase corresponding to the simulated low-resolution RP 

image (Figure 3.5(f)) in the following way: 
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                                    (8) 
 

 

Where the sign in Equation (7) is the inverse of the indication of pj(x=0). From Figure 

3.5(f), we decided estimations of Λ = 16 μm and pj=1(x=0)>0, which when substituted in 

Equation (8) brings about ΔNA = –0.03, which is in astounding correspondence with the 

estimation of ΔNA decided already utilizing Equation (7) and Figure 3.5(g). This shows 

the data about the right estimation of ΔNA is, for this situation, altogether in the 

unmeasured phase comparing to the resolution RP image. Therefore, FPM comes up short 

imaging photonic crystals with Pmin  < p < λ/(2NAo) on the grounds that for this situation 

the FPM calculation utilizes just resolution RP images) where the period's structure is not 

obvious by any means. The key data about the crystal's time frame is not in the intensity of 

the resolution RP images however in the comparing phases. Be that as it may, as examined 

over, the right estimation of ΔNA can likewise be separated straightforwardly from a FP 

image with small Nao , which contains a single first-order diffraction spot. Utilizing 

Equation (7) and knowing which LED was utilized for illuminating the example grants to 

acquire p from the estimation of ΔNA got from the FP image with smaller NAo. This 

proposes an option imaging technique in light of illuminating the sample from various 

bearings and utilizing FP images would allow to acquire high-resolution RP images of 

photonic crystals with a resolution well underneath the Rayleigh resolution limit. Such 

imaging strategies have been as of late revealed [19, 21, 25]. Nevertheless, resolution 

values well beneath the Rayleigh resolution limit have been accounted for when imaging 

non-periodic structures utilizing the FPM method [12, 15]. This appears to suggest that the 

complexity nature of non-periodic structures by one means or another helps the phase 

recovery calculation to determine generally irresolvable structures. Keeping in mind the 

end goal to address this point, we led 1D simulations of imaging non-periodic 1D structures 

utilizing FPM. 
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Figure 3.6. (a) Intensity and (b) phase associated to transmitted light through a sample illuminated by a plane wave at normal incidence. 

The sample contains a mixture of periodic 1D structures with three different periods: p = 267 nm, 400 nm, and 667 nm. (c) Intensity 

and (d) phase associated to high-resolution RP image obtained with the FPM algorithm using all simulated low-resolution images with 

NAo = 0.8 and (e) corresponding FP image with NAs = 1.77. (f) Intensity of FP image with NAo = 0.8 calculated with the FPM algorithm 

for m=1 and j=5 ((Am=1,j=5)
2). (g) Simulated intensity and (h) calculated phase corresponding to the calculated low-resolution RP image 

associated to the FP image shown in (f). Intensity, phase, x, and k are plotted in arbitrary units, radians, μm, and NA units, respectively.  

 

To begin with, we directed 1D simulations of FPM imaging of thousands of test samples 

shaped by a blend of three periodic 1D structures with various periods. Every one of these 

samples contained a structure with Pmin  < p < λ/(2NAo) and two structures with p > 

λ/(2NAo). Figure 3.6 compares to a case of the directed reenactments. Our results concur 

with past reviews, then affirming that the resolution limit of the FPM technique is given 

by Equation (1) [15] and, subsequently, affirming that the resoltion limit of the FPM 

method can be much better improved than the Rayleigh resolution confine when imaging 

non-periodic examples utilizing NAc >> NAo [12, 15]. Keeping in mind the end goal to 

additionally see how the complexity of  non-periodic structures encourages the FPM 

calculation to determine structures with Pmin  < p < λ/(2NAo), we perform a thorough 
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investigation of each progression of the FPM calculation. Figures 3.6(a) and 3.6(b) 

demonstrate the intensity and phase, individually, related with the light transmitted by an 

example lit up by a plane wave impinging the sample at normal incidence. The sample is 

shaped by a blend of 1D structures with three unique periods: p = 267 nm, 400 nm, and 

667 nm. Taking after the methodology descried in Section 2, we acquired 8 mimicked 

resolution RP images with NAo = 0.8. Figures 3.6(c) and 3.6(d) demonstrate the intensity 

and phase, separately, relating to the high-resolution RP image acquired after 600 iterations 

of the FPM calculation. It is clear from correlation between Figs 9(a) - 9(b) and Figures 

3.6(c) - 3.6(d) that, for this situation, the three sample's periodicities were effectively 

resolved by the FPM method. This is in amazing correspondence with the places of the 

first-order diffraction peaks at NA = λ/p = 0.675, 1.125, and 1.6875 illustrated in the insets 

of Figure 3.6(e), which demonstrates the FP image with NAs = 1.77 comparing to the high-

resolution RP image illustrated in Figure 3.6(c). The fourth peak at NA = 1.35 noticeable 

in the FP image with NAs illustrated in Figure 3.6(e) is the the second-order diffraction 

peak relating to the structure with p = 667 nm. The right resolution of the structure with p 

= 267 nm affirms past reports about the capacity of the FPM method for outperforming the 

Rayleigh resolution limit when imaging non-periodic samples [12, 15].. Figures 3.6(f), 

3.6(g), and 3.6(h) shows how the nearness of structures with p > λ/2NAo resolves structures 

with λ/NAs < p < λ/2NAo. Figure 9(f) demonstrates the FP image with small NAo=0.8 that 

was calculated in the progression relating to the piece (3) in Figure 4 amid the first iteration 

(m=1) of the FPM calculation. In particular, the FP image with small NAo=0.8 illustrated 

in Figure 3.6(c) compares to j=5 (Am=1,j=5(k)2); i.e., relates to the incorporation of the 

commitment of the initially LED with NAc = 0.87 > NAo in the calculation. Prior to this 

progression, the FP with large NAs had been updated four times (j=1 to 4) comparing to 

the four LEDs with NAc < NAo. Thusly, the diffraction tops obvious in the FP image with 

small NAo illustrated in Figure 3.6(f) are related to the two structures with p > λ/2NAo. 

The FP image with small NAo illustrated in Figure 3.6(f) conveys no data about the 

structure with p = 267 nm. In any case, as talked about beneath, it conveys data about the 

right estimation of ΔNA. Figures 3.6(g) and 3.6(h) demonstrate the simulated amplitude 
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 (aj=5(x)) and the calculated phase (pm=1,j=5(x)), separately, got as showed in blocks (4) to 

(6) in Figure 4 from the figured Amplitude and phase relating to the FP image with small 

NAo illustrated in Figure 3.6(f). As illustrated in Figure 3.6(h), the calculated phase is 

shaped by three periodic segments with various periods (Λ) relating to the three periodic 

structures obvious in Figure 3.6(a). We decide a time of Λ= 1.78 μm from the center 

segment of the figured phase illustrated in Figure 3.6(h), which compares to the periodic 

structure with p = 400 nm. Substituting Λ= 1.78 μm in Equation (8) brings about ΔNA = –

0.255. In this way, from the phase illustrated in Figure 3.6(h), which was ascertained in the 

calculation utilizing just data got from resolution RP images simulated with NAc < NAo, 

we can foresee that in the recalculated FP image acquired as illustrated in block (7) in 

Figure 4 utilizing Equation (5), the first-order diffraction peak relating to p = 400 nm will 

be moved regard to k = 0 by ΔNA = –0.255.Along these lines, utilizing Equation (6) as 

illustrated in piece (8) in Figure 3.1, we can likewise anticipate that after the recalculated 

FP image with small NAo is moved by the sum –kj=5, this peak will show up in the right 

position NA = –0.255–0.87 = –λ/p = –1.125 in the updated FP image with large NAs. 

What's more, in light of the fact that both FP shifts are connected to the entire recalculated 

FP image, not just the first-order diffraction peak comparing to p = 400 nm shows up in 

the right position in the updated FP image with huge NAs, additionally first-order 

diffraction peak relating to p = 667 nm shows up in the right position.all the more 

essentially, the first traces of a diffraction peak at NA ~ –λ/p = –1.6875 begin to be framed. 

After couple of iterations, the first-order diffraction peaks relating to p = 267 nm are framed 

and can be obviously found in the FP image with huge NAs illustrated in Figure 3.6(e). In 

synopsis, the main data about periodic structures with Pmin  < p1 < λ/(2NAo) in resolution 

RP images acquired utilizing NAc > NAo is a homogeneous increase in the image intensity, 

which is delivered by the gathering by the objective lens of light associated to a first-order 

diffraction spot comparing to the periodicity p1.If the example is a photonic crystal with 

periodicity p1, the homogeneous increment in the intensity of the resolution RP image is 

the main data about the sample in the resolution RP image. This data is insufficient for 

imaging the photonic crystal and, therefore, the FPM neglects to determine the sample's 
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periodicity p1. Notwithstanding, if the example likewise contains structures with p2 > 

λ/(2NAo), extra data about the sample's structure is accessible in the resolution RP images. 

This extra data permits the FPM calculation to ascertain effectively the right position of 

the main request diffraction spot relating to the periodicity p1. 
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CHAPTER IV 

CONCLUSIONS 
 

The entire study focused mostly lateral resolution limit of the FPM technique 

especially focusing FPM plasmonic crystal imaging applications. From our findings, 

resolution of FPM in plasmonic crystal imaging applications cannot be better than 

λ/(2NAo). However, our research discovered that the FPM technique can surpass the 

Rayleigh resolution limit. This is especially true, when the non-periodic structures contain 

spatial frequencies below 2NAo/λ. By using, simple one-dimensional approach to FPM 

technique we were able to figure out how the presence of structures with p > λ/ 2NAo helps 

to resolve structures with λ/NAs < p < λ/2NAo.    
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