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ABSTRACT 
Mixed illumination Direction multiplexing Fourier Ptychographic Microscopy 

based on HDC IDM-FPM is a technique of illumination where 16 out of 64 LEDs 

are used each time to illuminate the sample from different directions, while 

retrieving the phase of the sample.
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CHAPTER 1 

INTRODUCTION
Fourier Ptychographic Microscopy (FPM) is a foundation of several 

techniques. It can go below the Rayleigh resolution limit ~ !
"#ₒ and retrieve the 

phase of optical disturbance (OD) [1-14]. FPM illuminates the sample through 

every single LED of the planer condenser from various directions, without moving 

any of the parts [1-14]. Capturing the images from different directions and 

processing them requires a long time and much effort. Accordingly, the idea of 

finding a technique for shortening the time and putting less effort comes into play. 

Hence, the Multiplexed Illumination theory materializes [15]. Multiplexed 

Illumination theory relies on illuminating the sample from different incidence 

angles by using more than one LED each time, and thus the images are reduced, 

and the time taken to achieve a result is shorted [15,16,17]. 

Table 1.1 studies that are based on the Multiplexed Illumination theory. 

Technique’s name Illumination 
source 

The 
sample 

The number 
of LED in 

FPM-
technique 

The number 
of LEDs that 
used in the 

experimental 

The 
number 

of 
reduced 
images 

Same Column 
Multiplexing 

Fourier 
Ptychographic 

Microscopy 
technique 

HDC Ronchi 
ruling 64 4 16 

Multiplexed coded 
illumination for 

Fourier Ptycography 
with LED array 

microscope 

Adafruit 
32*32 LED 

USAF 
test 

chart 
293 8 

4 
40 
74 

spectral 
multiplexing and 

coherent-state 
decomposition in 

Fourier ptycography 
imaging 

15*15 LED 
USAF 

test 
chart 

225 2 113 

IDM-FPM HDC Ronchi 
ruling 64 16 ? 
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The table above shows studies that are based on the Multiplexed Illumination 

theory. In the Same Column Multiplexing Fourier Ptychographic Microscopy 

technique, the source of illumination was hemispherical digital condenser (HDC), 

four LEDs were used which were organized on a column each time. As a result, the 

images decreased from 64 to 16 images [15]. On the other hand, Multiplexed Coded 

Illumination for Fourier Ptycography with LED array microscope technique used 

different sources of illumination, number of LEDs, and samples with each reading. 

The excremental sets are Adafruit 32*32 LED, 4mm spacing, as a source of the 

illumination; the sample that was used is USAF test chart and the total number of 

LEDs that is used is 293 around the center. Moreover, the numerical aperture of the 

objective is 0.1 and the numerical aperture synthetic is 0.6. The experiment was 

divided into two groups of LEDs that were switched on: the first group used four 

LEDs and the second group used eight LEDs for each iteration. The two groups 

reduced the images to 74 and 40 images, respectively [16]. However, Multiplexed 

Coded Illumination for Fourier Ptycography with LED array microscope study 

gives us the same results which is reducing the images. Moreover, Spectral 

multiplexing and coherent-state decomposition in Fourier ptycography imaging 

technique is similar to the previous studies but using the 15*15 LED as a source of 

illumination. The images reduced from 225 to half of the number 113 image, 

because they employed two LEDs each time [17]. The results of all the three 

techniques are similar to the results of FPM-technique in perspective of getting high 

resolution images and recovering the phase. 

Mixed Illumination Direction multiplexing Fourier Ptychographic 

Microscopy based on HDC technique is used in this project to cut the number of 

images from 64 to 4 images; the outcome is similar to the outcome of FPM. 
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CHAPTER 2 

EXPERIMENTAL SET-UP 
 

Microscope and components 
 

  

Fig 1.1. Schematic of the experimental setup. 
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    Fig (2.1) is a schematic of the experimental equipment that is used [6,9-11]. 

The microscope used is NIKON ECLIPSE TI. The microscope consists of a 

fluorescent lamp as a source of illumination which is located perpendicular to the 

sample. However, the experiment uses the fluorescent light to locate the HDC 

perpendicular to the sample. Moreover, the essential components of the microscope 

are objective lenses which have different numerical apertures. We use  NA'= 0.8, 

and their function is to collect spectrums that come through the sample. In other 

words, the objective lenses collect the information (RP and FP images) of the 

sample. The third component is the bandpass filter (optical filter) which selectively 

transmits a certain wave length while blocking the others; it is centered at 570 nm 

wavelength beneath the objective lenses. In addition, the microscope is 

supplemented with two cameras: a Real plane camera to capture the Real plane 

image which is the sample image, and the Fourier plane camera to capture the 

Fourier plane image which are the LED diffraction spots. The OD is distributed 

between the two cameras by a beam splitter. The two cameras are connected to the 

NIKON SOFT NIS ELEMENT AR SOFTWARE which allow us to view, capture, 

and adjust the images. 

 

Fig 2.2. the HDC observed by the naked eye, 64 LED, each row has different 
numerical aperture ()*=0.58,0.73. 0.89, 345	0,97. 
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Fig 2.3. the method of illuminating the sample. 

      

     Fig. (2.2) is the Hemispherical digital condenser (HDC), the alternative 

illumination source of the fluorescent lamp. HDC has 64 light-emitting diodes, 

every diode can be turned on or off independently. The HDC contains 64 LEDs that 

are organized into four circular rows. Each row has 16 LEDs, and each row has a 

unique numerical aperture; NA7 = 0.58, 0.73, 0.89, and	0.97. Each row also 

contains 16 columns; each column has four LEDs [9,10,16,19,20]. In this work, we 

used a quarter of the 64 LEDz; four rows and four columns fig.(2.3 a,b,c,d). In 

addition, fig.(2.3) illustrates the method of illuminating the sample. Finally, 

fig.(2.4) is a Ronchi ruling at 0° which is a periodic sample, with p =1.67 µm. The 

Ronchi ruling is a cell of glass ruled with very close parallel lines, considered as 

multiple slits.   

 

 

Fig. 2.4. Ronchi ruling 600 LPMM at 0° by RP-camera.  
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CHAPTER 3 

                                   ALGORITHM

 
 

 
Fig 3.1. The sketch of IDM-FPM algorithm.
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       In fig (3.1).  The IDM-FPM algorithm begins with the initial approximation of 

the high-resolution OD in the RP. The amplitude 3<=>(r) and phase ?<=> are 

chosen arbitrarily, where m presents the count of iterations and r is the position 

vector. The second step is an initial approximation of OD in the RP and is converted 

to OD in FP with a large synthetic ()@	by the Fourier transform equation in order 

to get the actual approximation. ()@ is the sum of the numerical aperture objective 

lens with a numerical aperture condenser (()@ = ()A + ()*). This step is the 

starting point for every iteration until the algorithm converges, so m=1,2, 3…m.  

The amplitude and phase are denoted by )<=C,D=C(F) and ?<=C,D=C respectively, 

where j=1,2,3,4 represents the number of quarter LEDs fig 2.b. and k is the 

momentum space: 

 

1, 1 0( ) ( )
1, 1 0( ) ( )

act
m j miP k ip ract

m j mA k e F a r e= = =
= = =é ù= ë û                                                                                  (1) 

 

The third step is to calculate OD in FP with small	()@. In this step, the LEDs are 

not in the center, and occupy a location HI	(where q is the number of LEDs which 

equals 16) from the center on HDC. The algorithm shifts all LEDs towards the 

center to make sure that no information is lost, and multiplies it with the window 

J>	which is a circle of the radius = ()>. 

 

)<,D,I H KLMN,O,P(Q)=)<,D,IR*S H − HI KLMN,O,P
UVW XYXP .J>                                                       (2) 

 

OD in RP using inverse Fourier transformation that will be substituted in the fifth 

step:  

 

3<,D,I(r)		KLMN,O,P([)	=		\YC[			)<,D,I H KLMN,O,P(Q)	]																																																																						(3)		
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The fifth step is to substitute the calculated low-resolution OD in RP corresponding 

to one LED by experimental low-resolution intensity, corresponding to 16 LEDs. 

Then multiply	3<,D,I(r) by the square root of the intensity of one LED _̀ a,D which 

is divided by the sum of the calculated intensity of each LED _̀ ab. The result of 

the division is a matrix. Equation 4 gives the modified amplitude for 16 LEDs: 

,mod 2
, , , , , , , , , ,

1

( ) ( ), , [ ( )]
N

RP j
m j q m j q RPT RP j k RP j k m j k

kRPT

I
a r a r I I I a r

I =

= = =å               (4) 

 Here in (5), we have another formula to write equation 4 in a non-uniform 

superposition situation:  

, mod 2
mod , , , , , mod , , , ,, [ ( )]RP j

RP j q RP j RP j k RP j q m j q
k qRPT

I
I I I I a r

I ¹

= - =å                             (5) 

The sixth step is to transform the low-resolution OD in RP to OD in FP with small 

()@ using inverse Fourier transformations, and multiply it by JA to get the 

recalculated OD in FP. 

 

, , , ,( ) ( )mod
, , , ,( ) ( ) .

rec
m j q m j qiP k ip rrec

m j q m j q oA k e F a r e Wé ù= ë û                                                 (6) 

 

The seventh step is to update OD in FP with a large ()@ and to change the 

direction of OD to its original place using −HI and apply eq (7). 

 

                                                                                                                             (7) 

There are three parameters (a, b, g) in eq. (7) which allow us to manipulate the 

images to achieve the best resolution. The parameters have the interval (0-1); here, 

0 means removing the image, while 1 means adding the image with complete 

resolution; the resolution is gradual between 0 and 1. Additionally, in IDM-FPM 

. . . .( ) ( ) ( ) ( )
. . . .

1
( ) ( ) ( ) ( )

upd act rec
m j m j m j j m j j

N
iP k iP k iP k k iP k kupd act rec

m j m j m j j m j j
q

A k e A k e A k k e A k k eα γ β+ +

=

⎡ ⎤= + + − +
⎣ ⎦∑
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quarter algorithm a=1, b=0, g=1, so eq.7 becomes: 

 

)c,d
ef5(k)Kg?c,d3hi(F) = )c,d3hi (k)Kg?c,d3hi(F)+ 		)c,djKh(

k=1 (H + Hd)Kg?c,d
jKh(H+Hd)                           (8) 

 

The eighth step can be divided into two parts. If the IDM-FPM algorithm doesn't 

converge at the seventh step, the algorithm repeats the process from step 2 to step 

7 until it converges. Once the algorithm converges, the updated OD in FP with a 

large ()@	transforms to the final high-resolution OD in RP, and the loop stops. 
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Fig 3.2. The sketch of Algorithm which illustrate the steps in terms of its 
equations.
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CHAPTER 4 

EXPERIMENT RESULTS 
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shift	by	!" 	

&	
multiply	by	#$	

%&'	

F	
&	

multiply	by	#$	

m	=	input	
number	of	
iteration	

yes	

no	

%&'	

Shift	by	−!" 	

Fig 4.1. The sketch 
of Algorithm which 
illustrate the steps 
by pictures. 
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The figure above shows the results of each step of IDM-FPM algorithm. 

The first step is the initial approximation of the high-resolution RP-image. The 

second step is transforming the initial approximation to a large synthetic numeral 

aperture, by Fourier transformation; the outcome image is called actual intensity in 

FP with a large !"#. In addition, the red circles on the image represent window 

W%; the number of the circles are 16 which correspond to the number of LEDs. The 

third step is shifting every LED, k', towards the center to make sure there is no lost 

information; the image is named by calculated intensity in FP with a small NA*. 
The shifting affects the distribution of LEDs, which appear randomly on the image. 

The fourth step is assessing the ability of the Fourier transformation to inverse the 

image from FP-image to RP-image, resulting in the calculated low-resolution 

intensity in RP. Because of using the experimental RP-image only in the 

experiment, the fourth step is the substitution. The FP-image is used to determine 

the direction of illuminations. The fifth step consists of substituting the calculated 

intensity of RP-image by experimental low resolution intensity in RP; the modified 

image in RP is identical to the experimental image, which leads us to the 
+,-,/
+,-,/

 = 

matrix, where every element is equal to 1. The sixth step is modifying the intensity 

of the RP-image, transforming it to the FP-image with a small	NA*, and multiply 

by W%; the name of the resulting image is recalculated intensity of the FP-image 

with a small NA*. Recalculated image is a lot purer than the calculated image. The 

seventh step is shifting the LEDs back to their location to get two images, updating 

phase and intensity in FP with a large  NA*; the algorithm recovers the phase. 

Moreover, the seventh step is the intersection of two steps; if the IDM-FPM 

algorithm doesn't converge then the algorithm moves to the second step, which then 

starts the new iteration m=2, 3...m. However, if the algorithm does converge, then 

the algorithm moves to the eighth step. The eighth step is the updated intensity and 
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phase which transforms to the final high-resolution intensity and phase in RP. 

 
 

      Fig (5-a) illustrates the HDC observed by the naked eye. Fig(5-b) shows the 

HDC above the lens of the microscope. The figure has two bright rows and four 

dimmer rows. The bright rows are the LED images that are captured by the Fourier 

plane camera, and they are called “zero order diffraction spots.” The dimmer rows 

are called the “first order diffraction spots.” Eight LEDs out of sixteen LEDs appear 

on the Fourier plane camera because their NA1 (0.58, 0.73) < 	NA%(0.8), causes 

bright field microscopy. However, the remaining LEDs disappear because their 

NA1(0.89,97)> NA%, causes dark field microscopy. Fig(5-c) is the image of Ronchi 

ruling quoted by the real plane camera, clearly illustrated by the lines shown above.  

Furthermore, it is necessary to have diffraction beyond the zero order diffraction 

spots on the FP-image in order to capture the lines between the parallels on the RP-

image.

Fig 4.2 a, b. the image of LEDs by the naked eye and above the lens by FP-camera 
respectively. fig 4.2 c. is the Ronchi ruling by RP-camera. 



Texas Tech University, Ali Alamri, December 2017 
 

 

 

14 

CHAPTER 5 

CONCLUSION 
     The thesis shows the solution of the issue that faced FPM, which is the 

exceeded time for collecting the information from the sample. According to the 

final result, IDM-FPM not only reduced the number of images, but also recovered 

the phase, a result similar to FPM. Consequently, IDM-FPM decreases the time of 

information collection from the sample, and thus requires less effort in 

comparison with FPM. The IDM-FPM technique can be considered an upgraded 

version of FPM.  
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