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Abstrac t 
The Thesis is focused on the exper imental implementa t ion of d ig i t a l holographic 
microscopy for live cell observation and the analysis of reconstructed images. 
D i g i t a l holographic microscopy is a non-invasive technique, wh ich enables the 
acquis i t ion of three-dimensional images of microscopic objects. T h e experimen­
ta l setup, constructed as an off-axis d ig i t a l holographic microscope, allowed us 
to capture interference recording of the sample w i t h unstained cells on camera 
for subsequent reconstruction. T h e reconstruct ion process involved performing 
the Fourier t ransform on the captured image, ext rac t ing the necessary informa­
t ion from the Fourier domain , and then app ly ing the inverse Fourier transform. 
B y ensuring the precise alignment and characteristics of the op t ica l components, 
three dis t inct diffraction orders were observable i n the Fourier domain: the (0th) 
order, the (—1 s t) order, and the ( + l s t ) order. T h e qual i ty of the reconstruct ion 
heavily relies on the size of the spec t rum cut, wh ich significantly influences the 
final resolut ion of the reconstructed image. We demonstrate the performance of 
the method by imaging human cheek cells. Fur thermore, part of the Thesis also 
deals w i t h the design of an advanced holographic microscope, where we a i m for 
the best use of the imaging apparatus and the camera parameters i n order to 
obta in the largest possible field of view w i t h preserved opt ica l resolution. T h i s is 
done by sett ing the correct pos i t ion and size of diffraction orders. T h e work w i l l 
progress toward high-resolut ion three-dimensional reconstruct ion of live cells at 
the level of cel l organelles i n microfluidic systems. 

Keywords 
D i g i t a l holographic microscopy, Hologram reconstruction, Fourier domain, 
C e l l observation, D i f f r a c t i o n orders, Phase microscopy, Spectrum cut, 
Resolution 
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Chapter 1 

Introduction 

C e l l observation is a c ruc ia l aspect of research i n various fields. It can aid 
in disease diagnosis, d rug research, biotechnology development, and gaining a 
better unders tanding of the cellular level of the life process. T h i s knowledge 
has the potent ia l to make a significant impact on the treatment of diseases. 
Therefore, it is imperat ive to continuously improve technologies to enhance our 
abi l i ty to observe and s tudy l i v i n g cells w i t h as much accuracy as possible. 

However, common observations of cells from l i v i n g organisms b r ing certain 
challenges. Nowadays, l i v i n g cells are ma in ly observed using a l ight microscope. 
Th i s type of microscopy is convenient, quick, and fully funct ional , but that does 
not mean it is perfect. T h e usefulness of direct light passage is l im i t ed due to 
insufficient contrast to resolve many parts of the cell [1], see F i g . 1.1 (a). In 
this case, the prob lem is solved by s ta ining the cells w i t h organic dyes [2], wh ich 
increases contrast and v is ib i l i ty , see F i g . 1.1 (b). O n the other hand, the s ta ining 
process may k i l l the cells or i r reversibly modify their structure. Moreover , cells 

(a) (b) 

Figure 1.1: Compar i son of stained and unstained cells. P a n e l (a) shows an 
example of unstained cheek cells. Pane l (b) shows an example of cheek cells 
colored w i t h 0.1% aqueous eosin. A d a p t e d from [3]. 

in v ivo often tend to move i n the sample, wh ich makes i t difficult to observe them 
and focus on specific parts of the sample. T h i s is a p rob lem for wh ich a solut ion 
has been found i n the form of specimen f ixat ion interfering w i t h its internal 
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structure. W h e n a t tempt ing to capture images of mov ing cells, the result ing 
images may not be of the desired qual i ty due to b lu r r ing caused by the cell 
movement. In the case of l i v i n g cells, it is also impor tan t to define a t ime window 
dur ing which they are suitable for observation, the properties of the cell remain 
unchanged. T h e above-noted reasons highlight the impor tance of in t roducing 
new ways for observing cells that do not alter their in ternal structure, are fast, 
and provide the required resolution. Indeed, several methods evolved, inc lud ing 
techniques for single-shot quant i ta t ive phase imaging. These techniques could 
provide the best way how to deal w i t h these challenges. T h e development of 
phase microscopy has progressed over the years, and currently, there are several 
established techniques for its implementa t ion . Phase microscopy can be d iv ided 
into qual i ta t ive and quant i ta t ive approaches. 

The m a i n representative of qual i ta t ive phase microscopy is the Zernike tech­
nique, wh ich was used, for example, i n [4], where i t was implemented i n scanning 
X - r a y microscopy to image the s t ruc tura l details of a sample. E x p e r i m e n t a l re­
sults confirmed that Zernike phase contrast is effective i n v i sua l iz ing s t ruc tura l 
informat ion i n biological samples w i t h m i n i m a l impact on quant i ta t ive map­
ping of trace elements. Ano the r technique is differential interference contrast, 
wh ich was u t i l i zed i n [5], where the authors observed the detai led structures 
and dynamics of l i v i n g biological cells, using the Vor t i ce l l a protist as a model 
organism. 

Quant i ta t ive phase microscopy can be further d iv ided into interferomet-
ric and non-interferometric methods. Non-interferometric methods include the 
transport of intensi ty equation, wh ich is described i n more deta i l i n [6, 7, 8], as 
wel l as i terat ive algori thms, for example, i n [9, 10]. O n the other hand, interfer-
ometric methods consist of holography and interferometry. T h e m a i n difference 
is that holography records complete op t ica l informat ion about an object to 
create a three-dimensional reconstruct [11], whereas interferometry uses the in ­
terference pat tern between two light beams for quant i ta t ive measurements [12]. 
Holography can then be combined w i t h interferometry to create holographic 
interferometry [13]. 

In this Thesis , we w i l l look at the use of d ig i t a l holographic microscopy for 
live cel l observation, given that i t is a non-invasive technique that allows real­
t ime imaging of live cells wi thout the need for s ta ining or f ixat ion. T h e first 
experiment of d ig i ta l holographic microscopy for cel l observation was carr ied out 
in 1990s by Schnars and Jueptner, who used a C C D camera di rect ly connected to 
a computer [14]. E v e r since then, the ways of observation have been improv ing . 

In Chap te r 2 we w i l l discuss the basic theory beh ind d ig i ta l holographic 
microscopy, in t roduc ing the Fourier t ransform of an image and two elementary 
types for 3D imaging. Chapte r 3 focuses on the exper imenta l implementa t ion , 
where is also discussed the process of the complex-ampl i tude reconstruction. 
Chapter 4 is dedicated to the discussion of exper imenta l trade-offs, where we 
also discuss the dependence of the resolut ion and the noise on the size of the 
spect rum cut. In Chapte r 5 we w i l l look into the design of advanced holographic 
microscopy, where we focus on f inding the ideal configuration of the diffraction 
orders. F ina l l y , the results are summar ized i n Chapte r 6. We also describe 
possible future research directions. 
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Chapter 2 

Digital holographic 
microscopy 

D i g i t a l holographic microscopy is an innovative technique merging the p r inc i ­
ples of d ig i t a l holography w i t h the precision of microscopic examina t ion which 
allows the meticulous quant i ta t ive three-dimensional analysis of microscopic ob­
jects w i t h h igh resolution and contrast, revolut ioniz ing the field of microscopic 
analysis. 

The concept of holography was first proposed i n 1947 by scientist Dennis 
Gabor , leading to the development of the first three-dimensional holographic 
image using a laser i n the early 1960s by E m m e t t L e i t h and Jur is Upa tn ieks [15, 
16]. Holography is a way of obta in ing a three-dimensional record of an object 
[17]. It allows reconstruct ion of the complex ampl i tude of light interact ing w i t h 
the sample [18]. T h i s means that the process of hologram formation exploits 
a mix tu re of at least two coherent light waves that are superposed [19]. T h e 
hologram plane may receive l ight either reflected from the object or t ransmit ted 
through i t . T h i s wave is called the object wave UQ. A t the same t ime, the 
plane of the hologram is i l l umina ted by another light wave, referred to as the 
reference wave UR [20]. Hence, the waves w i t h complex ampli tudes UR and Uo 
are superposed and give the resul t ing intensity 

Th i s equat ion for intensi ty is composed of three impor tan t parts. T h e two terms 
\UR\2 and \Uo\2 are referred to as the zero-order terms. T h e next two terms 
are mu tua l ly complex conjugated. T h e t e rm U^Uo is referred to as the ( + l s t ) 
order and the t e rm URUQ is referred to as the (—1 s t) order [21]. In the case of 
d ig i ta l holography, the recording process exploits a p ixe l m a t r i x sensor, such as 
a C C D or C M O S camera, to capture the interference record (2.1) [20]. 

In the Fourier t ransform, an arb i t rary function f(x,y) is decomposed into 
a series of harmonic functions w i t h different spat ia l frequencies (number of cy­
cles per uni t length) and complex ampli tudes. T h e two-dimensional Fourier 
t ransform can be determined as 

I=\UR + U0\2 = \UR\2 + \U0\2 + URU0 + UKU*0. (2.1) 

(2.2) 
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where vx and vy are spat ia l frequencies i n given x and y axes. Consequently, 
the inverse Fourier t ransform w i l l be 

/

D O />OC 

/ F(ux, vy) ex.p[i2Tr(xux + yvy)}&vx&vy (2.3) 
-oo J — oc 

Thi s means that s ignal f(x,y) can be expressed as the sum of weighted plane 
waves. T o ob ta in informat ion about the per iod of the interference fringes at 
a given t i l t , a monochromat ic plane wave w i t h complex ampl i tude U(x, y) = 
A e x p [—i{xkx + ykv)] is considered, where A represents the ampl i tude and k is 
the wavevector w i t h components k = (kx,ky). T h i s wave must interfere w i t h 
the coll inear wave (perpendicular to the x -y plane) as we need at least 2 waves 
for interference. T h e wavenumber can be determined as k = ^ and the angle 
it makes w i t h the x — y plane as cos (6^) = ^f. U s i n g spat ia l frequency vx = 
it can be modified as 

cos(<y = Xvx, (2.4) 

where A is the wavelength. G i v e n the fact that the per iod is the inverse of the 
spat ial frequency, it w i l l be expressed as 

A = (2.5) 
cos(9x) 

[22]. 
The Fourier t ransform of the image produces a Fourier spectrum, the reso­

lu t ion of wh ich is largely influenced by the properties of the camera. Namely , 
the p ixe l size i n the Fourier domain i n the x-axis and y-axis d i rect ion follows 

A / * = i ^ b ( 2- 6 ) 

where A / x is the spat ia l spec t rum resolut ion i n the x-di rec t ion , M is the number 
of camera pixels i n the hor izonta l d i rect ion, A x is the w i d t h of one p ixe l , and 

where A / y is the spat ia l spec t rum resolut ion i n the y direct ion, N is the number 
of camera pixels i n the ver t ica l d i rect ion, and A y is the height of one pixel . 

If a coordinate system is sui tably chosen w i t h the or ig in located at the center 
of the spect rum, the size of the Fourier doma in is determined by the m a x i m u m 
spat ial frequency, which i n the x-di rec t ion is given by 

/ x , m a x - M x A a , 2 - 2 A x , 

and i n the y-di rec t ion 

f _ ^ M y _ ^ ( 2 9 ) 
/ y ' m a x " M y A y 2 " 2Ay- 1 j 

The m a x i m u m spat ia l frequency of the result ing spec t rum for square pixels 
( A x = A y ) is the same either i n the x-axis or i n the y-axis , a l though w i t h dif­
ferent sampl ing i f M x ^ M y . T h i s follows from the Nyqu i s t -Shannon sampl ing 
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theorem, which states that a sampl ing twice as dense as the m i n i m u m per iod 
(the inverse of the frequency) is necessary. A n y higher frequency w i l l appear 
the same as some lower ones [22]. 

Holography is classified into two elementary types for 3D imaging, wh ich are 
G a b o r ' s holography, w i t h the use of in-l ine holography, and L e i t h and Upa t -
nieks' holography, where they used off-axis holography. T h i s d iv i s ion is often 
based on the angle between the object and reference waves [21]. 

2.1 In-line digital holography 
In in-l ine holography, there is usual ly no significant t i l t between reference and 
object wave [19]. T h e obtained interference record has the form (2.1). S t i l l , 
after performing the Fourier t ransform to plot the spec t rum w i t h the diffraction 
orders, they are found to overlap each other, see F i g . 2.1 (a). T h e interference 
intensity (2.1) can also be wr i t t en as 

I=\UR + Uo\2 = \UR\2+\Uo\2 + 2URU0cos{cp + iP}, (2.10) 

where the ip represents the phase shift and ip = (pR — (fo the phase change of the 
interfering waves. To separate the contr ibut ions of interfering waves, one of the 
waves (usually the reference wave) can be modula ted independently. Ini t ia l ly , 
a record is made where the wave is not shifted i n phase. T h e n , addi t iona l 
snapshots w i t h various mu tua l phase shifts are recorded. Usual ly , a four-step 
phase-shifting a lgor i thm, w i t h phase shifts ip = 0, ^ , TT, ^ is implemented. T h e 
acquired interference records have the fol lowing form 

11 = | C / R | 2 + | C / O | 2 + 2 W O C O S ^ (2.11) 

12 = \UR\2 + \U0\2-2URU0smcp (2.12) 

h = \UR\2 + \U0\2-2URU0coscp (2.13) 

h= \UR\2 + \U0\2 + 2URU0smcp. (2.14) 

Consequently, the resul t ing phase of the interference record can be obtained as 

\ h ~ h -
ip = arc tan 

h 
(2.15) 

[23]. However, this indicates that mul t ip le images must be recorded, so its use 
is more l ike ly to be associated w i t h static samples. 

2.2 Off-axis digital holography 
D i g i t a l holography is cal led off-axis i f there is a slight t i l t between the two 
waves, the reference wave is t i l t ed , and when they are separated [19]. T h e 
obtained interference record has again the form shown i n (2.1) and i n this case, 
the Fourier spect rum shows three separate orders, ( + l s t ) order, (—1 s t) order, 
and the zero-order, see F i g . 2.1 (b). T h e angle between the object and reference 
beams allows the various real and v i r t u a l image terms to be spat ia l ly separated, 
avoiding the prob lem of in-l ine holography. B y numerica l ly fi l tering the ( + l s t ) 
order i n the Fourier domain , the complex ampl i tude of the object beam can be 
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reconstructed. T h i s involves shift ing the ( + l s t ) order to the zero frequency and 
tak ing the inverse Fourier t ransform. T h i s process is described i n more detai l 
in Chapte r 3. T h i s type of holography is used to observe moving samples due 
to the fact that a single image is sufficient for correct reconstruction. 

(a) (b) 

Figure 2.1: P a n e l (a) shows a schematic view of in-l ine d ig i t a l holography, while 
panel (b) shows a schematic view of off-axis d ig i ta l holography. A d a p t e d from 
[24]. 
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Chapter 3 

Experimental implementation 

3.1 Experimental setup and its description 
The exper imental setup of a simple d ig i t a l holographic microscope is shown i n 
F i g . 3.1, where a H e l i u m - N e o n laser w i t h the wavelength A = 633 n m was used 
as the l ight source. T h e emit ted laser beam was directed to the mir ror and then 

Figure 3.1: Sketch of the used d ig i t a l holography microscope. 

the beam was focused by a col l imator and coupled into a single-mode opt ica l 
fiber ( F C / A P C ) . T h e light emit ted from the opt ica l fiber d i rect ly i l lumina ted the 
sample, which was placed on a three-dimensional t rans la t ion stage. T h i s stage 
allowed precise man ipu la t ion of the sample, wh ich was convenient for focusing 
and finding a suitable sample locat ion. A n O l y m p u s microscope objective (20x, 
N A = 0 . 4 ) was used for imaging the sample on the camera ( D M K 23U274). T h e 
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image acquis i t ion and da ta storage were performed using a camera connected 
to a computer . 

F igure 3.2: C a m e r a recording of a scale w i t h two larger bars spaced 100 u m 
apart. 

In the proposed experiment, the transverse magnif icat ion was determined 
by the rat io of the image size ml to the object size m 

ß m 

rn 
(3.1) 

Th i s was done by p lac ing an object of known parameters (line target w i t h 100 u m 
spacing), wh ich was imaged, see F i g . 3.2, and the image size was obta ined from 
known parameters of the used camera. Consequently, the established transverse 
magnif icat ion reached 46x. 

A n addi t iona l mi r ror was placed into the opt ica l pa th between the micro­
scope objective and the camera. T h e mir ror reflected a sample-free por t ion of 
light t ransmi t ted v i a microscope objective. Hence, an off-axis geometry was 
created by reflecting a part of the object beam on itself. Consequently, interfer­
ence fringes appeared on the camera record. T h e ra t io of distances between the 
microscope objective, camera, and addi t iona l mi r ror i n the exper imental setup 
sketched on the F i g . 3.1 does not correspond to reali ty but serves for i l lus t ra t ion 
purposes. T h e key components are l is ted i n Table 3.1. 

Moreover , cheek cells were chosen as the sample. A drop of water was put on 
a microscope slide. U s i n g a wooden stick, a cheek swab was performed to obta in 
the cells that were smeared into the water on the microscope slide. T h e y were 
then covered w i t h a coverslip and placed into the object plane of the microscope 
objective. 
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(a) (b) 

Figure 3.3: Pane l (a) shows an example of a recorded interference pat tern ob­
ta ined using the bui l t d ig i t a l holographic microscope w i t h cheek cells used as a 
sample. Pane l (b) is a zoom- in of the recording w i t h clearly visible interference 
fringes. T h e zoom-in was taken from the loca t ion of the red square i n panel (a). 

Table 3.1: T h e K e y components used i n exper imenta l setup. 

C o m p o n e n t T y p e Relevant information 
Ligh t Source He-Ne laser Wavelength: 633 n m 
O p t i c a l fiber 4 0 5 - H P Connector : F C / A P C 

Microscope objective O l y m p u s P L N 2 0 X N u m e r i c a l aperture: 0.4 
C a m e r a D M K 23U274 N u m b e r of pixels: 1600x1200 

Size of pixels: 4.4 p m 
O u t p u t col l imator 6 0 F C - 4 - M 8 - 3 3 A R - C o a t i n g : 390 - 670 n m 

3.2 The complex-amplitude reconstruction 
The captured camera recording i n F i g . 3.3 (a) has the form of interference 
fringes, wh ich arise due to the interference of l ight waves (2.1). Therefore, the 
required phase informat ion must be retrieved numerical ly to get the valuable 
informat ion. T h e P y t h o n programming language was used for this processing, 
specifically the interactive development environment J u p y t e r L a b and libraries 
numpy, scipy, ma thp lo t l ib , cv2. T h e first step to get the record reconstruct ion 
was to perform the Fourier t ransform of the acquired record. T h e Fourier trans­
form provides the mapp ing of the image into the frequency domain . T h i s yields 
a Fourier spec t rum of spat ia l frequencies. 

After the Fourier transform, an analysis of the Fourier spec t rum was con­
ducted shown i n F i g . 3.4. T h e parameters of the used camera determine the 
sampl ing of the spec t rum (2.6) - (2.9). In the spec t rum three separated diffrac­
t ion orders are formed for our exper imental configuration. For the next recon­
st ruct ion step, only the part of the spec t rum that contains the wanted complex 



ampli tude is needed. T h i s informat ion is contained i n the highl ighted diffraction 

c 
fx [lp/mm] 

Figure 3.4: T h e absolute value of the Fourier t ransform of the camera recording. 
The image is saturated for better v i s ib i l i ty of diffraction orders, lp means line 
pairs. T h i s is the spec t rum i n the image plane, that is, i n the plane where the 
camera is placed. 

orders, thus the next necessary step is to cut out the Fourier spec t rum of the 
spat ial frequencies. 

The size of the spect ram cut is given by the m a x i m u m spat ia l frequency 
t ransmi t ted by a coherent imaging system, which is given i n the object space as 

-
 N A 

where N A is the numer ica l aperture of the microscope objective and A is the 
wavelength of the used l ight . In many cases, i t is useful, to make evaluations i n 
both , the object space and the image space, respectively. T h e t rans i t ion between 
bo th spaces is realized v i a la teral magnif icat ion (3.1). Consequently, the max­
i m u m t ransmi t ted spat ia l frequency i n the image space takes an approximate 
form 

" m a x ~ xp~ p • V-6> 

B y ca lcula t ing this spat ia l t ransmi t ted frequency, a theoret ical o p t i m u m 
was obtained for the size of the spec t rum cut around one of the highl ighted 
diffraction orders. T h e next step was an inverse Fourier t ransform of the cut 
part of the spect rum, after wh ich a complex ampl i tude was obtained. T h e 
retrieved phase is present i n F i g . 3.5 (a). 

Fur thermore, reference recordings were made i n cell-free regions. These are 
locations close to the or ig ina l ly observed cel l . T h e reconstruct ion of this refer­
ence interference pat tern followed an ident ica l procedure as the record w i t h the 
cheek cel l . T h e phase change can be displayed i n F i g . 3.5 (b). 

There is a visible phase background i n the images shown i n F i g . 3.5 which 
may impa i r the quant i ta t ive analysis and would therefore be useful to correct 
for. T h e reconstructed complex ampli tudes were taken for phase correction, 
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then d iv ided and the phase was made from the result of their d iv is ion . T h i s is 
how the final reconstruct ion is obta ined where only the cel l wi thout background 
influence can be observed. U s i n g this process, the absolute value of the complex 
ampl i tude was also displayed for comparison, from which i t can be estimated 
that the phase reconstruct ion offers a more contrast ing view of the cells, see 
F i g . 3.6. 

(a) (b) 

Figure 3.6: Pane l (a) shows the final phase reconstruct ion of a sample w i t h 
cheek cells. Pane l (b) shows the absolute value of the complex ampl i tude of a 
sample w i t h cheek cells. 

The dark spot i n one of the observed cells, see F i g . 3.6 (a), represents a 
phase j u m p . In reality, the observed cell should have a smooth phase profile, 
hence w i t h the increasing measured op t ica l pa th difference also the value of the 
reconstructed phase should increase. However, a numer ica l ly retr ieved phase 
is l im i t ed from — TT to TT as the direct phase detection on the use of arctangent 
operat ion for phase calcula t ion. In the posi t ion, where the profile exceeds 7r, 
there was an inherent j u m p to — TT, where i t resumed growing again. T h i s j u m p 
occurred due to the phys ica l properties of the sample. In the case of cheek cells, 
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this often occurs especially i n the place where the nucleus is located, wh ich has 
the largest refractive index and therefore the largest phase delay is induced. A 
solut ion to this p rob lem is the use of the process called phase unwrapping [24], 
example of wh ich is shown i n F i g . 3.7. 

1050 1150 1250 1350 1050 1150 1250 1350 

Pixel Pixel 

(a) (b) 

Figure 3.7: P a n e l (a) shows phase progression w i t h a j u m p i n the area of the 
black spot from the reconstruct ion i n F i g . 3.6 (a). P a n e l (b) shows the un­
wrapped phase progression. 

The result of the phase-correction process provides a realist ic idea about the 
opt ica l pa th difference induced by cells at par t icular locations i n the sample. 
The fol lowing relat ionship is used for this ca lcula t ion 

2TT 

T 
• A n • d, (3.4) 

where Aip is the phase change, A is the wavelength, A n is the change of refractive 
index and d is the thickness. We can then use the collected informat ion to show 
the op t ica l pa th difference A n • d, see F i g . 3.8. 
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Figure 3.8: O p t i c a l pa th difference of cheek cells shown i n 3D mode l from 
different angles. 
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B y moni to r ing the change i n cell op t ica l pa th difference, it is possible to get a 
better insight into the in ternal structure of the cell and, for example, determine 
the loca t ion of the nucleus when s tudying i t . It is expected that the cell w i l l have 
the greatest phase delay here. It is wor th not ing, that this cel l observation using 
off-axis holographic microscopy was carr ied out wi thout the need for s ta ining 
w i t h chemicals or invasive modificat ions of their in ternal structure. 
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Chapter 4 

Discussion of experimental 
trade-offs 

Appropr i a t e choice of exper imenta l arrangement is c ruc ia l for correct high-
resolution complex-ampl i tude retr ieval . E a c h component i n the exper imental 
setup (sketched i n F i g . 3.1) impacts the qual i ty of the final reconstruct ion due 
to the non- t r iv ia l re la t ion between op t ica l parameters and holographic imaging 
performance, as w i l l be discussed below. 

4.1 The influence of experimental components 
A s mentioned i n the descript ion of the experiment a H e l i u m - N e o n laser w i t h 
a wavelength of 633 n m was used. Ini t ia l ly , the m a x i m u m t ransmi t ted spa­
t i a l frequency (3.3) is inverse, p ropor t iona l to wavelength. It means that the 
m a x i m u m t ransmi t ted spat ia l frequency increases w i t h decreasing wavelength. 
Ano the r example is the per iod of the interference fringes produced by the in ­
terference of the reference and object waves, wh ich is given by (2.5). Hence, a 
longer i l l umina t ion wavelength increases the per iod of interference fringes and 
consequently posit ions of the diffraction orders i n the Fourier spect rum. T h e 
larger the per iod, the closer together the diffraction orders are, and vice versa. 

The next component is the microscope objective, where at tent ion must be 
pa id to the value of its numerica l aperture and magnif icat ion. It is wor th not­
ing that the magnif icat ion indica ted on the microscope objective refers to the 
specific tube lens. For the O L Y M P U S objective used i n the experiment (20x), 
it is a tube lens w i t h a focal length of 180 m m , and according to the equation 
for la teral magnif icat ion 

v = p±, (4.1) 
/ M O 

the focal length of the microscope objective is 9 m m . A s already shown the 
numerica l aperture of the microscope objective occurs at the m a x i m u m trans­
mi t t ed spat ia l frequency (3.3). W i t h a larger numer ica l aperture, this frequency 
is also larger. T h e change i n magnif icat ion obtained by the constructed holo­
graphic microscope after performing the Fourier t ransformation would affect 
the appearance of the produced diffraction orders, specifically i n their magni­
tude. Smaller la teral magnif icat ion generates larger diffraction orders i n the 

14 



spectrum, which is also evident from the relat ion for the m a x i m u m t ransmit ted 
spat ial frequency i n the image space, see E q . (3.3). 

The pos i t ion of the mir ror placed between the microscope objective and the 
camera also determines the appearance of the interference fringes. Its posi t ion­
ing allows sett ing the angle between the interfering waves, leading to different 
geometry of the spectra, as shown i n F i g . 4.1. F r o m the relat ion (2.5), i t is 
concluded that the larger the cosine of the angle between the waves the smaller 
the per iod is. 

-110 -57 0 57 

fx [lp/mm] 

(a) 

110 -110 -57 

fx [lp/mm] 

(b) 

Figure 4.1: T h e influence of the mir ror on the geometry of the Fourier spectrum. 
In panel (b) the mi r ro r was placed 7.5 c m closer to the microscope objective, 
than i n panel (a). T h e per iod of interference fringes has decreased and diffrac­
t ion orders shifted further apart. T h e spec t rum is i n the image plane. 

B y shifting and t i l t i ng this mi r ror the per iod of the interference fringes can be 
conveniently adjusted. Op t ima l ly , a l l three diffraction orders should be visible 
in the result ing spec t rum wi thout mu tua l overlap. F i g . 4.1 (a) and F i g . 4.1 (b) 
represent examples from in i t i a l ca l ibra t ion measurements taken from different 
mir ror posit ions relative to the microscope objective. In the final experiments, 
the interference fringes were adjusted as is sketched i n F i g . 3.3 and the corre­
sponding spec t rum is shown i n F i g . 3.4. 

The last key component was the camera, whose features consist of the num­
ber and size of pixels. These properties influence the range and sampl ing i n the 
Fourier domain . Rela t ions (2.6) and (2.7) show that for smaller p ixe l counts, 
the p ixe l size i n the Fourier domain w i l l be larger. T h e smaller the size of the 
camera pixels, the larger the p ixe l size i n the Fourier domain . O n the other 
hand, the m a x i m u m frequency, whether i n the x or y axis di rect ion, depends 
only on the p ixe l size, so as the p ixe l size decreases, the m a x i m u m sampl ing 
frequency increases. 
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It is impor tan t to put a l l these parameters and trade-offs i n context to ob ta in 
a record suitable for further reconstruct ion, but i t is also necessary to be careful 
how we proceed w i t h the numer ica l processing because the final form of the 
phase reconstruct ion can be influenced dur ing the processing of the record, not 
only dur ing the execution of the experiment. 

4.2 The parameters of the phase reconstruction 
D u r i n g the reconstruct ion process of the camera interference record, a c i rcular 
cut is made around one of the diffraction orders i n F i g . 3.4. T h e inverse Fourier 
t ransform is performed only from this cut part . Whe the r we take the left (-1) 
or the right (+1) diffraction order does not matter , given that bo th conta in the 
same informat ion, as can be seen from the interference law (2.1). However, the 
magnitude of this cut w i l l clearly affect the result ing reconstruct ion. Cons ider ing 
a smal l cut of a diffraction order is taken from the spec t rum (a smal l po r t ion near 
the center of that diffraction order) only the low spat ia l frequencies are selected, 
wh ich represent contr ibut ions of harmonic functions w i t h long periods. T h i s 
choice results i n a loss of sharpness, detai l , and resolut ion after performing the 
inverse Fourier t ransform. O n the other hand, when a large cut of a diffraction 
order is taken from the spect rum, the reconstruct ion suffers from increased noise 
or iginat ing from redundant informat ion. In the previous chapter, it was stated 
that the magni tude of the cut is determined by the m a x i m u m t ransmi t ted spat ia l 
frequency (3.3). T h i s frequency determines the o p t i m a l theoret ical radius of the 
circular cut i n the Fourier domain . T h i s radius should determine the size of the 
cut, wh ich w i l l contain informat ion about the sample details but w i l l not take 
useless informat ion. 

In F i g . 4.2 (a) the spec t rum cut of the diffraction order was 4 t imes smaller 
than the theoret ical l im i t (3.3). F i g . 4.2 (b) shows the hor izonta l section of 
this reconstruct ion, where we can see smooth phase progression. For the re­
construct ion shown i n F i g . 4.2 (c), there was used the calculated cut given by 
the theoret ical l i m i t (3.3). F r o m the hor izonta l section i n F i g . 4.2 (d), it is 
visible the increase of the noise i n comparison w i t h the phase shown i n F i g . 4.2 
(b). T h e last reconstruct ion was done by having the cut 2 t imes bigger than 
the magni tude of a cut calculated using the formula (3.3) and can be seen i n 
F i g . 4.2 (e), w i t h its hor izonta l section shown i n F i g . 4.2 (f). It is visible that 
in the F i g . 4.2 (a), where the cut was sma l l and the higher space frequencies 
were lost, the reconstruct ion lost sharp edges. O n the other hand, i f we took 
a closer look at the F i g . 4.2 (e), it provides the increase i n phase variabi l i ty . 
It can be seen from the hor izonta l sections that as the cutoff radius increases, 
fluctuations i n reconstruct ion increase as wel l . T h e F i g . 4.2 (c) is supposed to 
represent the reconstruct ion based on the op t ima l cut given by (3.3). However, 
this is a theoret ical o p t i m u m and, therefore, an addi t iona l exper imenta l analysis 
was performed. 

T h i s analysis served to determine the exact o p t i m u m size of the spect rum 
cut for the constructed experiment and provided exper imenta l conf i rmat ion of 
the theoret ical value. Fur ther analysis was carr ied out using just the displayed 
hor izontal sections, from which informat ion about the resolut ion and addi t iona l 
noise was obtained. 
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(e) (f) 

Figure 4.2: T h e pictures on the left side show phase reconstructions of the 
same sample w i t h the difference of the magni tude of the cut of the diffraction 
order. In the pictures on the right, there are shown hor izonta l sections of these 
reconstructions d isp laying the phase change. 
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D u r i n g the phase change of the hor izonta l section, the raised part represents 
the loca t ion of the cel l . T h i s allows us to determine the edge between the 
med ium and the cel l . We can evaluate the number of pixels (as a measure of 
image sharpness) needed to move from the sample loca t ion wi thout the cell 
to the loca t ion where the cel l is already present. T h i s gives an insight into 
the resolution and sharpness of the reconstruction. T h e reconstruct ion sections 
were taken at the area where the cell wa l l was as perpendicular to the section. 

To assess the resolution, we evaluate the 10-90% w i d t h of the steepest slope 
of the phase profile i n the section. T h e analysis procedure is demonstrated i n 
F i g . 4.3. T h e place where the global increase occurred was found i n the phase 
profile. T h e loca t ion before the increase was fit ted w i t h a hor izonta l l inear line, 
the same was done for the loca t ion after the increase. A t the point where these 
fitted lines intersect the phase profile, the p ixe l number at wh ich this happened 
was found, and then the value 

ND,miD = lD + 0.1(hD-lD), (4.2) 

was determined, where ln is the point where the fit intersects the beginning of 
the increase, hn is the point where the fit intersects the end of the increase, n is 
the number of sections and N n i n i n w i l l represent the point from where we take 
the m i n i m u m of the increase. A n d then 

Nn,max = ln + 0.9{hn-ln), (4.3) 

where N n j l a a x represents the point from where we take the m a x i m u m value of 
the increase. A c c o r d i n g to equations (4.2) and (4.3) we found the lower and the 
upper l imi t s of the edge. Subt rac t ion of these values gives the number of pixels 
that represent it . 

0 200 400 600 300 1000 1200 1400 
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Figure 4.3: A n example of a hor izonta l section w i t h fitted lines. T h e purple dots 
show places where the fit ted lines intersect the phase profile that we are looking 
for. T h e guidelines are there for the v isua l iza t ion of p ixe l distance representing 
slope. 

F r o m F i g . 4.3 i t is visible that for the analysis, i t is better to take the 
decreasing progression of the cell because of the higher slope. Rela t ions (4.2) and 
(4.3) have been adapted accordingly. T h i s process was repeated for 5 sections 
that were close to each other. T h e average value of the number of pixels was 
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taken as the result. T h e s tandard devia t ion w i t h which this p ixe l resolut ion 
value was determined was also calculated. T h i s was done for reconstructions 
w i t h different cut r ad i i of the spec t rum cut sizes and the dependence of the 
resolution on this spec t rum cut was observed. 

The dependence of noise on the spec t rum cut was also observed. T h e mag­
nitude of the noise was determined as the s tandard devia t ion at the sample-free 
area. T h e statistics were performed i n the same way as for the resolut ion of the 
image. 
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Figure 4.4: Pane l (a) shows the dependence of resolut ion on the size of the 
spect rum cut. T h e lower values of the resolut ion represent more details i n the 
reconstructed phase image. Pane l (b) shows the dependence of the noise on 
the size of the spec t rum cut. T h e spect rum cut is i n percentage values, where 
100% corresponds to the value of the m a x i m u m t ransmi t ted spat ia l frequency 
obtained from a ca lcula t ion using E q . (3.3). 

F r o m the plot shown i n F i g . 4.4 (a), we can see that the number of pixels that 
represented the cell edge was significantly higher for the smal l spect rum cut. B y 
gradual ly increasing the spec t rum cut, the number of these pixels decreased un t i l 
the value of the m a x i m u m t ransmi t ted spat ia l frequency was reached. F r o m this 
point on, the resolution remained approximate ly constant. T h e noise, shown i n 
F i g . 4.4 (b), degrades the quali ty, and therefore the spec t rum cut size is sought 
where there is some trade-off between resolut ion and noise. F r o m the results 
shown, we can confi rm that this size is i n p rox imi ty to the area of the m a x i m u m 
t ransmi t ted spat ia l frequency. 
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Chapter 5 

Design of advanced 
holographic microscopy 

The a i m of performing the experiment described i n Chap te r 3 and the following 
analysis presented i n Chapte r 4 was to get the knowledge, gain experience, 
and prepare for the design of advanced d ig i t a l holography, wh ich w i l l lead to 
even more accurate results and offer a greater range of possibil i t ies for cel l 
observation. 

A fundamental aspect for achieving better reconstruct ion of a d ig i ta l holo­
gram recording is to select the appropriate components and set them to opt i ­
mal ly exploit the Fourier domain of the camera. Especia l ly , the pos i t ion and 
size of the resul t ing diffraction orders. W i t h the right or ientat ion and per iod of 
the interference fringes, but also w i t h the right choice of la teral op t ica l magni­
fication, the diffraction orders w i l l reach an arrangement where a l l three orders 
in the spec t rum are s t i l l visible i n their entirety so that they do not overlap, 
but at the same t ime, they reach their largest possible sizes at the camera. 

The (0th) diffraction order is twice as large as the (—1 s t) and (+l s t) diffrac­
t ion orders. F r o m F i g . 3.4 and E q . (3.3) can be seen that i t would be sufficient 
to use a smaller magnif icat ion, which would make the diffraction orders larger. 
W e can also see i n this spec t rum that the diffraction orders are a l l arranged 
hor izontal ly next to each other. T h i s configuration w i t h the op t imized size of 
the diffraction orders is shown i n F i g . 5.1 (a). 

However, i f it were possible to somehow shift the (—1 s t) and (+l s t) order 
along the y-axis di rect ion, they wou ld gain more space. T h i s can be achieved 
by t i l t i ng the interference fringes, resul t ing i n a d iagonal configuration of the 
diffraction orders. T h e F i g . 5.1 (b) shows the ideal diagonal configuration of 
the diffraction orders. B u t of course, i n reality, i t is more profitable to have the 
diffraction orders a l i t t le smaller i n size than this case, for the convenience of 
cu t t ing out (+l s t) diffraction order from the spectrum. Hence, the ca lcula t ion 
has been performed to obta in a l i m i t we cannot exceed. A t a smaller magnifica­
t ion , the diffraction orders would overlap, and (—1 s t) and (+l s t) would not be 
visible i n their entirety i n the Fourier spectrum, m a k i n g a correct reconstruct ion 
impossible at the expense of a larger field of view. 
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Figure 5.1: Demons t ra t ion of the configuration of diffraction orders i n the 
Fourier spect rum. T h e spec t rum is i n the image plane. 

The calculations started w i t h es t imat ing the Fourier domain , whose size 
can be determined from equations (2.8) and (2.9). A s the camera used i n the 
experiment had square pixels, the Fourier space had the same size i n bo th the 
x and y directions. Le t us start w i t h the ca lcula t ion of the magnif icat ion l imi t 
for hor izonta l configuration. Here, we can express 

Ol 
2 / x 

(5.1) 

where a\ is the radius of the smaller diffraction orders i n this type of configu­
rat ion. Twice the obtained m a x i m u m is taken based on the chosen coordinate 
system. T h a n k s to this result, we are able to express the boundary condi­
t ion l i nk ing camera parameters, i l l umina t ion wavelength, and magnif icat ion to 
achieve the configurat ion shown i n F i g . 5.1 (a), and i t is given as 

N A A 

~ß ~ 8 Ä x ' 
(5.2) 

N o w we can start looking into diagonal configuration. U s i n g the Py thagorean 
theorem, we calculated the diagonal size on which the diffraction orders are 
located. T h i s d iagonal size is made up of their diameters and also the two parts 
at the corners. T h i s can be given i n the equation 

8 a 2 + 26, (5.3) 

where a 2 is the radius of the smaller diffraction orders i n diagonal configuration, 
b is the size of the remaining part of the diagonal at the corner, and u is the 
size of the space diagonal given as 

V / * 2 : J V , 1 
(5.4) 

Us ing one of the smaller diffraction orders and the Py thagorean theorem, we 
can express 

(5.5) (o2 + b)2 = a2, + a\. 
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<N—^ + ^ 2 ^ ^ - (5-6) 

Th i s gave us a system of two equations w i t h two unknown quantities. Solv ing 
them yields the radius of the diffraction orders. T h e result was subst i tuted into 
relat ion (3.3) to couple the radius w i t h the la teral magnif icat ion of the imaging 
opt ica l system. T h e boundary condi t ion for this configurat ion can be expressed 
as 

N A r i r~ 3V2-

G i v e n that for the camera, we used Ax = Ay, the condi t ion could be simplif ied 
to 

N A A 3 ^ 2 - 2 

T - t e - ^ v T - ( 5 J ) 

The va l id i ty of these condit ions was established by subs t i tu t ing the param­
eters from the conducted experiment and compar ing them w i t h the obtained 
values gained by subs t i tu t ing the a\ and a<i values into the E q . (3.3) for the 
f m a x . T h e results are that for the hor izonta l configuration shown i n F i g . 5.1 (a), 
it wou ld be possible to get the best size of diffraction orders at the magnifica­
t ion of 22.24 instead of the magnif icat ion of 46 used i n the described experiment. 
The centers of the diffraction orders w i l l be for the (—1 s t) order at [-3ai,0], for 
the ( 1 s t ) order at [3ai,0] and for the (0th) order at [0,0]. 

For the diagonal configuration, i t was concluded that to get this size of 
diffraction orders i n the exper imental setup shown i n F i g . 3.1, it would be nec­
essary to achieve a magnif icat ion of 17.36. T h e centers of the diffraction orders 
w i l l be for the ( - 1 s t ) order at [ - 3 ^ | , - 3 ^ | ] , for the ( 1 s t ) order at [ 3 ^ | , 3 ^ | ] and 

for the (0th) order at [0,0]. 
It is impor tan t to note that equations (5.2) and (5.7) w i t h proper ly located 

diffraction orders provide design condit ions for a correct complex-ampl i tude 
reconstruction. In practice, set t ing a s l ight ly larger magnif icat ion for the fixed 
wavelength and numer ica l aperture is beneficial to avoid equalities i n equations 
(5.2) and (5.7), hence, also overlaps i n the spectrum. 
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Chapter 6 

Summary an outlook 

D i g i t a l holographic microscopy is a technique, wh ich allows us to observe l iv ­
ing cells i n real-time and by captur ing images of a hologram on camera. T h i s 
technique is based on recording and processing the intensi ty pat tern (2.1) or igi­
nat ing from interference between the object and the reference wave. T h a n k s to 
the numer ica l reconstruct ion of these recordings, i t is possible to get the depth 
informat ion of the observed cel l . Concern ing the geometry of interfering waves, 
there exist two m a i n approaches of captur ing holograms, wh ich were discussed 
in Chapte r 2, in-l ine and off-axis d ig i t a l holography. 

The purpose of this work was to construct a simple d ig i t a l holographic micro­
scope i n order to unders tand and approve its basic principles. These were used 
for analysis and quantif icat ion of the single-shot complex-ampl i tude retrieval. 
Moreover , the set t ing and choice of the op t ica l parameters were discussed i n 
order to ob ta in the op t imized holographic performance. 

In Chap te r 3, there is a detai led descript ion of the constructed exper imental 
setup, wh ich followed the rules of off-axis d ig i ta l holography using a mir ror to 
create the t i l t ed reference wave. T h e key components used i n this setup are 
l isted i n Table 3.1, w i t h a l l necessary details. We have completed the experi­
ment and as a result, we were able to ob ta in holographic recordings of samples 
containing cheek cells. T h e recorded da ta was processed using the P y t h o n pro­
gramming language i n the J u p y t e r L a b interactive development environment to 
obta in a final reconstruct ion. T h i s experiment resulted i n single-shot phase 
reconstructions of unstained cheek cells wi thout any in ternal interference. 

Chapter 4 was most ly focused on the quantif icat ion of the results obtained 
from the exper imenta l setup described i n the Chapte r 3. However, i t also de­
scribes i n detai l the exper imenta l trade-offs for the i n d i v i d u a l properties of the 
used components. Based on the da ta we have collected, it can be concluded 
that the spectral cut size plays a c ruc ia l role i n the reconstruct ion process due 
to the informat ion contained i n bo th h igh and low spat ia l frequencies. T h e plots 
presented i n F i g . 4.4 confirm the va l id i ty of the o p t i m a l size of the spectral cut, 
as determined by E q . (3.3). Increasing the spectral cut beyond this op t ima l 
size causes unnecessary noise excess i n the reconstruction. 

T h i s work made a sol id background to start look ing at further possibili t ies 
for improv ing the parameters and performance of the holographic microscope. 
We determined the o p t i m a l size of the diffraction orders i n the Fourier spect rum 
in two different configurations. T h e first was a configuration w i t h hor izontal ly 
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or ver t ica l ly oriented interference fringes, wh ich led to the o p t i m a l magnif icat ion 
of 22.24 for the microscope objective w i t h N A = 0.4 and wavelength of 633 n m . 
The second configurat ion considered diagonal ly oriented interference fringes. 
Here, o p t i m a l explo i ta t ion of the detector was achieved for a la teral magnifica­
t ion of 17.36, while preserving a l l remain ing imaging condit ions. These calcula­
tions coupled the magnif icat ion, numer ica l aperture of the microscope objective, 
and used wavelength w i t h parameters of the used camera. 

The future design w i l l provide an advanced holographic microscope to ob­
serve cells flowing i n the microf luidic channel. T h e method is based on an 
imaging flow cy tomet ry that examines flowing objects. If the flow veloci ty is 
set appropriately, the cells sediment toward the wa l l of the microf luidic channel 
while ro ta t ing due to a shear flow. T h e approach allows for the scanning of 
cells from different angles, thus representing the tomographic measurements. In 
par t icular , we w i l l focus on designing a high-resolut ion holographic microscope 
that provides the resolut ion necessary for observing i n d i v i d u a l cel l organelles. 
Therefore, i t is required to achieve superior op t ica l qual i ty over the whole field 
of view. 
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