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a b s t r a c t 

Partially coherent optical diffraction tomography (PC-ODT) is a well-established label-free quantitative three- 
dimensional (3D) imaging technique based on the refractive index (RI) contrast by measuring the intensities at 
multiple axially displaced planes. The imaging performance of tomographic RI microscopy is determined by the 
inversion of phase optical transfer function (POTF) which depends on the illumination pattern of imaging system. 
Here, we propose the optimization analysis of illumination pattern in PC-ODT, and the custom-build quantita- 
tive criterion is demonstrated to maximize the performance of POTF related to the “goodness ” evaluation of an 
illumination aperture. Source modulation with different segment scale and gray scale is implemented to acquire 
arbitrary distribution source, and the corresponding 3D POTF can be easy obtained through the numerical inco- 
herent superposition of each segment components. Moreover, the metrics of 3D POTF for various illuminations 
over the condenser aperture are analyzed. We test the obtained optimal illumination by imaging both a simulated 
micro phase bead and a real control bead sample, suggesting superior performance over other suboptimal patterns 
in terms of both SNR and spatial resolution. Further, experimental result based on unstained MCF-7 cell clusters 
is presented support this finding as well, and the proposed method is expected to find versatile applications in 
biological and biomedical research. 
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. Introduction 

Optical diffraction tomography (ODT) is a wide-field label-free three-
imensional (3D) refractive index (RI) imaging technique enabling at-
ractive imaging modality for studying weakly absorbing samples like
icroorganisms and cells [1–4] . Alternative to exogenous 3D label-

ng methods (e.g., fluorophores) in confocal [5] and two-photon flu-
rescence microscopy [6] , 3D RI distribution of the specimen recov-
red by diffraction tomography makes it possible to calculate impor-
ant quantitative information such as volume, surface area, dry mass
nd other related characteristics without photobleaching, phototoxicity,
nd other artificially damaging effects [7–10] . The most widely used
nterferometric-based RI tomographic techniques is coherent ODT (C-
DT) employing the existed holographic microscopes and spatially co-
erent laser illumination [11–13] . Several angle scanning [11–18] or ob-
ect rotation [19,20] approaches have been invoked in C-ODT. Then, the
omputerized tomography or diffraction tomography algorithm based
n the Fourier diffraction theorem [21–23] is applied to the reconstruc-
ion of 3D RI by assembling numerous sections of the object spatial spec-

rum obtained for each illumination directions. 
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On the other side, without the implementation of interference opti-
al path, the diffraction tomography can also be realized by the intensity
ecording based on a conventional bright-field microscope under coded
llumination schemes [24–28] . Under the situation of 3D RI tomogra-
hy without axial mechanical scanning, the diverse source illumination
s invoked to the 3D imaging process, and a multi-slice imaging-based
odel is proposed to performs 3D synthetic aperture using a robust com-
utation and memory efficient slice-wise deconvolution algorithm for
ncoherent resolution limit [29–35] . Moreover, the technique of Fourier
tychographic diffraction tomography is introduced by employing iter-
tive procedure like FPM but in 3D space to reconstruct 3D RI of object
24,36–38] . 

By utilizing the axial focus scanning, the partially coherent optical
iffraction tomography (PC-ODT) can be realized under the partially
oherent illumination or diverse illumination [25,26,39–43] , and the 3D
I distribution is directly recovered through the deconvolution between
D phase optical transfer function (POTF) and a stack of through-focus
ntensity images. Recent studies have found that the shape of the illumi-
ation aperture has a significant impact on the resolution and quality of
D RI tomography, and by simply replacing the conventional circular il-
umination aperture with an annular one or Gaussian one, the quality of
h 2021 
article under the CC BY-NC-ND license 
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Fig. 1. Gray scale segmentation of illumination source and labeling of all combinatorial illumination patterns. The incoherent illumination source is evenly divided 
into a lot of discrete annular patterns with same center point, and these annuli are labeled from the LSB to the MSB with 5-Bit segment scale and 3-Bit gray scale. 
The radius cut-profile of each illumination pattern is illustrated as a digital wave of analog to digital converters, and the corresponding illumination pattern can be 
numbered from 1 to 32767 in decimal (from 0’00001 to 0’77777 in octal). 
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maging result is significantly enhanced [28,32,44–48] . Above existed
omographic approaches provide fast non-interferometric speckle noise-
ree imaging in conventional wide-field microscopes, and various coded
artially coherent illumination schemes for 3D RI imaging are investi-
ated as well. However, PC-ODT still suffers from the mainly principal
nconveniences of serious missing cone problem and bad signal to noise
atio (SNR) of RI reconstruction due to the incomplete Fourier coverage
f POTF. And the annular or Gaussian aperture in the previous work is
mpirically designed based on intuitive criteria related to the shape of
OTF, which does not guarantee optimality. Besides, the analytically op-
imized POTF is only focused on Gaussian illuminations (GIs) in [49] in-
tead arbitrary non-uniform illumination pattern containing high order
olynomial term. 

In this work, we investigate the imaging performance of 3D POTF
nder the single arbitrary illumination aperture with the deconvolution
f intensity stack. We consider numerical segment division of illumina-
ion source and a balanced distribution criterion for the evaluation of
OTF is proposed as well. As illustrated in Fig. 1 , the source modulation
s implemented with different segment scale and gray scale to obtain
rbitrary distribution source using custom-printed circular film flakes
ocated on the condenser diagram aperture. The pre-designed patterns
re printed on the photographic film, and the diameter size of these
ircular film flakes with the opaque region matches the objective pupil
n the back focal plane exactly. Each combined 3D POTF can be calcu-
ated through the incoherent superposition of segment components, and
he POTF’s imaging performance of corresponding illumination source
s evaluated by custom-designed metrics. Further, the POTF with the
est metrics is chosen as the optimal one among all combinations of
llumination patterns, and we draw the conclusion that the theoretical
ptimality of annular illumination over all patterns (including arbitrary
ircular and Gaussian patterns) in the numerical segmentation strategy.

Although the similar works invoking binary annular illumination and
I patterns have been empirically proposed to enhance the imaging res-
lution and alleviate the incomplete 3D Fourier space coverage of POTF
n tomographic microscopy [44,50,51] , the optimality of these apertures
mong various partially coherent illumination patterns has not been
emonstrated yet. Recent works give a closed-form integral expression
or the POTF under various illumination objective pupils enabling rapid
alculation of the POTF [47] , and the analytical optimization analysis
OTF for Gaussian illumination is developed [49] . Nevertheless, in the
ase of both of analytical expression and corresponding analytical forms
t  

2 
f POTF are not available for extremely complex distributed source pat-
ern, we still need to employ numerical integral to calculate the distri-
ution of POTF. 

Overall, the novelty of this work is to estimate the quality of 3D
OTF quantitatively through numerical metrics for arbitrary gray scale
attern instead of empirically designed illumination pattern, and the op-
imal analysis of partially coherent illumination is proposed in the sin-
le through-focus intensity stack-based diffraction tomographic imag-
ng. Besides, we analyze different types of illumination to improve the
omogeneity of 3D POTF and get better intensity response distribution
cross the spatial cutoff frequency coverage (SCFC) validating the via-
ility of PC-ODT technique in the proposed manuscript. Even thought
his kind of numerical illumination segmentation strategy seems inde-
ent, the problem of POTF calculation can be easily solved by a dis-
rete processing for the case of complex continuous pattern distribution,
hich is analogy to the convert of analog signal to digital signal using
n Analog to Digital Converters (ADC) for commonly signal data pro-
essing purposes. Finally, the 3D RI reconstruction results based on a
imulated 3D pure phase micro sphere are proposed under different il-
umination apertures for the comparative quality of 3D POTF. And the
umerical simulations confirm the performance of these optimization
nalysis and support the introduced balanced distribution criterion. Fi-
ally, the experimental comparative result based on control bead sample
nd unstained biological cell basically validate the optimization analysis
f POTF, and this pave the way to high resolution and high quality 3D
I tomography in a conventional microscope for biomedical imaging. 

. Principle and methods 

.1. 3D POTF for arbitrary gray scale illumination source 

For the diffraction tomography in a partially coherent microscope,
he optical scattering potential related to 3D object permittivity is en-
oded into the axial recorded intensity stack. The scattering potential
unction of object can be written as 𝑉 ( 𝐫 ) = 𝑘 2 0 

[
𝑛 2 ( 𝐫 ) − 𝑛 2 𝑚 

]
, where 𝑘 0 is

he wave number 2 𝜋∕ 𝜆0 with 𝜆0 being the wavelength in free-space,
 ( 𝐫) and 𝑛 𝑚 are the RI of object and immersion medium, correspond-
ngly. The complex RI 𝑛 𝑝 ( 𝐫 ) + 𝑖 ⋅ 𝑛 𝑎 ( 𝐫 ) contains phase component 𝑛 𝑝 in
eal part and the absorption component 𝑛 𝑎 in imaginary part, respec-
ively. The scattering potential is almost always a real function due to
he invoking of pure phase or weakly absorbing approximation in the ex-
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eriments. In the partially coherent illumination field, image formation
f 3D object can be interpreted as the 3D convolution between the object
nd point spread function (PSF) of system by employing the weak scat-
ering approximation (Born approximation) [22,23] . By ignoring high
rder scattering components, the recoded 3D intensity image stack can
e expressed as a linear sum of the real and imaginary parts of the ob-
ect scattering potential convolved with the corresponding PSFs 𝐻 𝑃 ( 𝐫 )
nd 𝐻 𝐴 ( 𝐫 ) , and the corresponding product equations in Fourier space
y implementing 3D fast Fourier transform (FFT) are: 

 ( 𝐫 ) = 𝐵 + Φ( 𝐫 ) ⊗ 𝐻 𝑃 ( 𝐫 ) + 𝐴 ( 𝐫 ) ⊗ 𝐻 𝐴 ( 𝐫 ) , (1)

nd 

 ̃( 𝜻) = 𝐵 𝛿( 𝜻) + ̃Φ( 𝜻) 𝑇 𝑃 ( 𝜻) + 𝐴 ( 𝜻) 𝑇 𝐴 ( 𝜻) , (2)

espectively. Where 𝐵 is the background intensity or DC term in fre-
uency space, and it can be understood as the un-scattered light or
ransmitted light, Φ( 𝐫 ) , 𝐴 ( 𝐫 ) , Φ̃( 𝜻) , and 𝐴 ( 𝜻) are the respective real and
maginary parts of object scattering potential function and correspond-
ng frequency spectrum, 𝑇 𝑃 ( 𝜻) and 𝑇 𝐴 ( 𝜻) are the POTF and amplitude
ptical transfer function (AOTF), respectively. 

N. Streibl [39] derived the analytical integral form of 3D optical
ransfer function (OTF) in a bright-field microscope by considering the
rst-order Born approximation (weak scattering object) in the paraxial
egime. As well, Y. Bao 𝑒𝑡 𝑎𝑙. [43] given the analytically explicit equa-
ion of 3D OTF under non-paraxial approximation. More recently, J.
uang 𝑒𝑡 𝑎𝑙. [47] report the analytical version of 3D POTF integration

ormula for different illumination designs (including GI and annular illu-
ination). Thus, the complicated derivation of 3D OTF is skipped here,

nd the completely analytical form of 3D POTF can be found in the
ontent of [43,47] . However, above-mentioned works only focus some
ommonly used uniform and non-uniform illumination sources (circular
llumination, Gaussian illumination, and annular illumination etc.), and
t is not easy to calculate the numerical integration expression of ana-
ytical 3D POTF for arbitrary illumination pattern, especially for some
on-uniform illuminations containing high order polynomial term [49] .
n the other side, T. Noda 𝑒𝑡 𝑎𝑙. proposed 3D tomographic method coop-
rated with annular illumination, and the numerical integration of 3D
OTF is available for the annular patten [52,53] . Due to the incoherent
uperposition of intensity contribution arising from all coherent points
n the source plane, 3D POTF of annular patten with arbitrary outer
nd inner radius can be calculated. The expression for arbitrary annular
llumination aperture can be defined as follows: 

 𝑖 ( 𝜌) = 

{ 

1 , 𝑖𝑓 𝜌𝑖 −1 < |𝜌| ≤ 𝜌𝑖 

0 , 𝑒𝑙𝑠𝑒 
(3) 

here 𝜌𝑖 −1 and 𝜌𝑖 represent the normalized frequency of inner and outer
adius of corresponding annular illumination pattern. By implementing
he annular discretization to incoherent source pattern, the 3D POTF of
orresponding illumination pattern can be calculated through the nu-
erical integration of transfer function for each individual point source

n the aperture plane. As shown in Fig. 2 , the incoherent circle illumina-
ion source is evenly divided into a lot of discrete annular patterns with
ame center point and width expecting for different segment bit-depth,
nd each corresponding 3D POTF can be obtained through the numer-
cally integration. Fig. 2 illustrates the 2D plots of 3D POTF sections
n 𝑢 − 𝑤 plane for annular illumination patterns with different segment
it-depth. Visualization 1 shows more details for the changing of illu-
ination source and axially sectional distributions of 3D POTFs. 

For the representation of arbitrary illumination source, we proposed
he custom-designed source segmentation strategy to illustrate all source
atterns with gray scale instead of binary one. Fig. 1 shows the segmen-
ation of illumination aperture and labeling of all combinatorial gray
cale illumination patterns. Incoherent illumination source ( 𝑠 = 1) is
venly divided into many concentric discrete annular illumination pat-
erns with 𝑁 1 segment bit-depth, and these rings on the source plane
re marked from the least significant bit (LSB) to the most significant
3 
it (MSB), where the coherence parameter 𝑠 is defined as the ratio of il-
umination NA to objective NA ( 𝑁 𝐴 𝑖𝑙𝑙 ∕ 𝑁 𝐴 𝑜𝑏𝑗 ). Moreover, these discrete
nnular patterns with different inner and outer radius are varied within
ifferent gray levels with 𝑁 2 bit-depth, and each single annular illumi-
ation pattern can be labeled as a unique octal number, decimal num-
er, hexadecimal number, or arbitrary bit-depth coded number. This
llumination segmentation strategy is analogy to the convert of analog
ignal to digital signal using an ADC for data processing purposes. The
nnular segment sampling bit 𝑁 1 and gray scale bit-depth 𝑁 2 are 5-Bit
nd 3-Bit in Fig. 1 , respectively. Thus, the maximum index number of
oded gray illumination pattern is 32767 ( 2 𝑁 1 + 𝑁 2 − 1 ) in decimal num-
er corresponding 0’77777 in octal number for 5-Bit segment bit-depth
nd 3-Bit gray scale bit-depth. The radius cut-profile of each pattern is
lot as well just like the ADC coding wave, and the corresponding il-
umination aperture is labeled with a unique index number from 1 to
2767 in decimal code in Fig. 1 . After the segmentation process, the ar-
itrary gray scale distribution source with can be obtained as the linear
ddition of single annular pattern from LSB to MSB, and the gray coded
llumination source can be expressed as: 

 𝑁 

( 𝜌) = 

𝑁 1 ∑
𝑖 =1 

𝑎 𝑖 𝑆 𝑖 ( 𝜌) , 𝑎 𝑖 ∈
[
0 , 2 𝑁 2 − 1 

]
∩ ( ℤ ) + (4) 

here 𝑁 is the index of arbitrary gray illumination pattern, 𝑎 𝑖 is the
ray scale weight of each single divided annular pattern ranged from 0
o 2 𝑁 2 − 1 . This expression demonstrates the intensity distribution of any
on-uniform axially symmetric illumination sources can be accurately
uperposed by a series of annular shape apertures. Since the individ-
al contributions of each annular sources component in Fig. 2 and the
inear superposition of POTF integration with respect to illumination
ntensity, the 3D POTF distribution for a given arbitrary illumination
attern 𝑆 𝑁 

( 𝜌) can be calculated through incoherent linear combination
f corresponding annular patten’s POTF contribution. 

This segmentation strategy of illumination source is invoked to cre-
te a single non-uniform illumination pattern projected at the con-
enser’s back focal plane, and this approach allows the OTF calcula-
ion for arbitrary gray illumination patterns whose analytical OTF ex-
ressions is not available. Moreover, the optimal illumination aperture
ith the best 3D imaging performance can be founded among all com-
inatorial gray scale patterns instead of empirically designed illumina-
ion pattern. The segmentation and labeling of all combined illumina-
ion patterns make it is easier to calculate the POTF of corresponding
ource pattern and provide a numerical analysis basis for optimizing of
D POTF in PC-ODT. 

.2. Performance evaluation of 3D POTF 

The numerical segmentation and coding make the 3D POTF calcu-
ation of arbitrary illumination source easy using the incoherent super-
osition of corresponding annular patterns’ POTF contribution, but the
valuation of 3D POTF performance is still a hard task. In contrast to
he isotropic distribution of 2D imaging system TFs along transverse di-
ection, the SCFC region of 3D POTF of proposed illumination sources
s a boundary shape instead of a certain frequency point value due to
he anisotropy of 3D POTF along lateral and axial directions. However,
he 3D POTF distribution of corresponding illumination aperture is sym-
etrical along 𝑧 axis, and we just need to analyze the axial section of 3D
OTF in 𝑢 − 𝑤 plane, as shown in Fig. 2 . In the previous works [44,51] ,
he histogram statistics of POTF has been proposed for the quantitative
nalysis of imaging performance of POTF. Here, a custom-designed cri-
erion is developed for the quality evaluation of 3D POTF to find the
ptimal aperture among all arbitrarily combined sources. Three metrics
re given for the quality of 2D sections of POTF as following: 1) The
atio of cutoff frequency coverage to theoretical incoherent POTF fre-
uency coverage should be large. In other words, the non-zero region
f POTF should be as large as possible. 2) The ratio of non low value
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Fig. 2. 3D POTF sections of annular shape apertures with (a) 5-Bit and (b) 32-Bit depth segmentation of incoherent illumination source. Visualization 1 and 
Visualization 2 shows more details for the change of illumination source and axially sectional distributions of 3D POTFs. 
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non-LV) region coverage to theoretical incoherent POTF frequency cov-
rage should be large as well. The frequency response of corresponding
OTF with almost negligible absolute values is defined as as LV region,
nd the LV region in the whole frequency pass-band may alter the spatial
maging resolution and prevent the improvement of SNR of 3D RI recon-
truction. 3) The absolute mean value of POTF among non-zero region
hould be as large as possible. The RI volume with better SNR can be
ecovered under the deconvolution of POTFs with larger absolute mean
alue. For the optimal case under these three metrics, the ideal POTF
4 
ust have the smallest missing cone region, nonhomogeneous contrast
or different spatial frequency regions, and the largest absolute mean
alue of modulus. Overall, above proposed metrics for 3D POTF eval-
ation are both empirically heuristic rules successfully utilized in the
ast pupil engineering field as rules of thumb. And the instructive cost
unction, can be evaluated for source pattern optimality, is expressed as
ollowing: 

rg min 
𝑆 

‖‖||𝑇 𝑃 ( 𝑆 ) || − 

||𝑇 𝑃 0 ||‖‖2 2 (5) 
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here ||𝑇 𝑃 ( 𝑆 ) || denotes the absolute distribution of POTF for a given
rbitrary gray illumination pattern 𝑆, while ||𝑇 𝑃 0 || represents the ideal
tep transfer function enveloped in incoherent cutoff frequency region
f 3D imaging system. The POTF with the most robust response over the
hole incoherent pass-band are the optimal one, and the 3D phase in-

ormation can be transferred to the intensity stack efficiently under the
orresponding illumination aperture. Even though the detailed analyti-
al cost function may not be given to evaluate the performance of POTF,
he above mentioned three metrics are enough to find the corresponding
ptimal illumination aperture among all combination of patterns. 

For example, a given gray-coded illumination pattern and corre-
ponding POTF section in colormap are illustrated in Fig. 3 (a) and 3 (b1),
espectively. Also, the radius cut-line of illumination source is plotted,
nd the index value can be labeled as a unique octal number or corre-
ponding decimal number with 5-Bit segment scale and 3-Bit gray scale.
he non-zero spatial frequency coverage region of POTF is displayed in
inary mask in Fig. 3 (b2), and the envelope of incoherent cutoff fre-
uency (marked by red solid line) is given as well. Moreover, the cut-off
requency of POTF is marked with red dotted line and the non-LV re-
ion is illustrated in mask in Fig. 3 (c1) and (c2), correspondingly. The
V region is determined by the POTF absolute values below a cutoff
hreshold value of 0.1, and this threshold value is often empirically de-
ermined in the transfer function of imaging system analysis to achieve
etter SNR [44] . To obtain the optimal illumination pattern, we need
o calculate the distributions of these three POTF metrics of all com-
ined source apertures. First, the POTF cutoff frequency coverage ratio
f all illumination patterns from the index 1 to 32767 can be calcu-
ated, and the illumination patterns with the maximum cutoff frequency
alue are kept, as depicted in Fig. 3 (d). Next, the statistic of non-LV re-
ion coverage ratio to incoherent POTF frequency coverage are given
n Fig. 3 (e), and the source patterns with non-LV region coverage ratio
ess than 0.45 are filtered out. Then, the absolute mean value of filtered
OTF with 0.8 cutoff frequency coverage ratio and 0.45 non-LV region
overage ratio is shown in Fig. 3 (f), and these the source patterns with
bsolute mean value of POTF greater than 0.1 are retained for the op-
imal source apertures. Finally, as illustrated in Fig. 3 (g), the index of
OTF with the maximum mean value is corresponding to the best imag-
ng performance obviously, and the corresponding illumination pattern
s the optimal one under the metrics for POTF quality evaluation. Vi-
ualization 2 shows the changing of cutoff frequency coverage ratio,
on-LV coverage ratio, and mean value of transfer function with the in-
reasing of source pattern index in a part of selected range. Overall, the
ptimal illumination pattern is the biggest single annulus and the corre-
ponding POTF with the best imaging performance can be available for
D RI tomography. It is interesting that the annular illumination pat-
erns with same segmentation distribution but different gray level (e.g.,
’10000 and 0’20000 etc.) provide the same imaging performance. This
henomenon means that the absolute brightness of illumination source
oes not affect the response of system POTF, which is consistent with
he situation of brightness of source will not determine the response of
ransfer function in actual microscopic imaging system. Moreover, only
atterns that are primarily composed of the outer annulus will ever be
etermined to be optimal one using our proposed evaluation metrics
ecause the highest imaging resolution is just contributed from the the
uter annular aperture. 

.3. Effect of segment and gray bit-depth 

In this subsection, we will take the different degrees of discretization
f illumination source into consider, and the effect of bit-depth between
egment and gray scale to the 3D POTF of arbitrary illumination pat-
erns is discussed. The statistics of 3D POTF metrics corresponding 5-Bit
egment scale with 3-Bit gray scale, 6-Bit segment scale with 3-Bit gray
cale, and 5-Bit segment scale with 4-Bit gray scale are evaluated in
ig. 4 , respectively. As illustrated in Fig. 4 (a), for the SCFC, all source
atterns are always equally divided into 2 𝑁 2 − 1 parts in spite of different
5 
egment bit-depth invoked, and the width of maximum cutoff frequency
egion of each parts is 0 ′777 (with 𝑁 1 − 2 Bits). Start and end index of
ource pattern with maximum cutoff frequency are regularly marked
nd given in Fig. 4 (a) as well. It can be concluded from Fig. 4 (a) that the
ncreasing of segment scale will improve the SCFC ratio. It reveals that
he annular illumination with narrower width can provide better cutoff
requency coverage ratio, coincident with the conclusion in quantita-
ive phase imaging [50] . However, the increasing of gray scale bit-depth
oes not change the cutoff frequency coverage ratio since the spatial size
arameter of annular illumination is not been changed. Then, the non-
V coverage ratio of all source patterns are presented in Fig. 4 (b), and
wo sub-regions for these three different pattern segmentation strate-
ies are chosen for the comparison. From the overall trend of non-LV
overage ratio, the POTFs with same segment bit-depth has the simi-
ar distribution but with more jitter and details. This result reflects that
ore segment bits can represent illumination source with finer pattern

ombinations, but it does not change the trend of non-LV coverage ratio.
he enlarged sub-regions of non-LV coverage are shown in Fig. 4 (c)-(e).
s the arrows marked, these peak values are corresponded to the local
aximum value, and the local maximum values are gradually decreased
ue to the offset of POTF contribution from the inner annular pattern.
ig. 4 (c2)-(e2) show the similar trend of gradually decreasing with en-
arged windows. Especially, the annular source patterns with octal index
’8800 or hexadecimal index 0xEE000 are not included in the non-LV
overage because the cutoff frequency ratio of corresponding POTF is
maller than the maximum cutoff frequency ratio. 

Next, the absolute mean value of POTFs are plotted in Fig. 5 as well.
imilar to the above phenomenon, the POTF of corresponding annu-
ar illumination with more segment bit-depth has higher mean value.
he increasing of gray scale bit-depth does not affect the distribution of
ean value of POTF, and the POTF contribution of inner pattern will

ffset the POTF response from outer source. Thus, the annular pattern
ith the outermost ring shape has the best performance, and the op-

imal source aperture can be reached through the numerical analysis
f arbitrary illumination pattern. Overall, the optimal illumination pat-
ern is the biggest single annulus matched with objective pupil, and the
nnular width of pattern should be as small as possible. 

In order to validate the effect of segment bit-depth on the final per-
ormance of 3D POTF, the POTF metrics of cutoff frequency coverage,
on-LV coverage, and mean of value with different segment bit-depth
ut fixed 3-Bit gray scale are plotted in Fig. 6 . We use 5-Bit, 6-Bit, 8-Bit,
2-Bit, and 16-Bit segment bit-depth to represent arbitrary illumination
atterns, and the annular source patterns with the outermost ring in-
ex but different regermination bits (e.g., from 0’70000 to 0’76000 and
rom 0’700000 to 0’760000 etc.) are employed to compare the transfer
unction metrics with each other. Since the changing of gray scale bit-
epth does not affect the final performance of POTF, only the annular
atterns with local metrics peaks are compared in this section. For these
ource patterns under 8-Bit gray scale, the self-designed all metrics are
ncreased, this mean that the annular illumination with narrower width
an provide the most balanced ability POTF of 3D imaging system. The
ncreasing gray value of inner annular shape will decrease the coverage
atio of non-LV and mean value of POTF. Overall, the basic trend of
OTF metrics is getting better with more segment bits. 

.4. Characterization of 3D POTF for various illuminations 

In order to characterize the 3D POTF for various illuminations, the
OTFs of two typical partially coherent illumination schemes (includ-
ng GI and annular illumination) are employed to compare with each
ther in this work. The imaging performance of various POTFs based
n a simulate phase bead is evaluated under different illuminations. As
roposed in previous works [44,47] , the GI strategy is studied for the
maging quality improvement of 3D RI tomography using single stack
ata. Thus, we start the POTFs analysis by considering the typically GI
nd annular illumination. To represent the Gaussian source pattern, 32-
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Fig. 3. Imaging performance evaluation of 3D POTF of all illumination source patterns using three crucial metrics, including cutoff frequency coverage, non-LV 

coverage, and mean value of transfer function. (a) Example of gray-coded illumination pattern. (b) Corresponding axial POTF section in colormap and the non-zero 
region of POTF in binary mask (Envelope of incoherent cutoff frequency marked by red solid line). (c) Cut-off frequency of POTF marked by red dotted line and the 
non-LV region in binary mask with cutoff threshold value of 0.1. (d) The cutoff frequency value of POTF of all illumination patterns is calculated and the illumination 
patterns whose cutoff frequency equals the maximum normalized cutoff frequency are retained. (e) Statistics of non-LV region coverage ratio of source patterns, and 
the filtered source patterns with non-LV region coverage ratio less than 0.45. (f) Absolute mean value of filtered POTF with 0.8 cutoff frequency coverage ratio and 
0.45 non-LV region coverage ratio. Source patterns with absolute mean value of POTF greater than 0.1 are retained. (g) Index of POTF with the maximum mean 
value is corresponding to the best imaging performance (e.g., 0’10000 and 0’20000 etc.), and the corresponding illumination pattern is the optimal one under the 
metrics for POTF quality evaluation. With the increasing of source pattern index in a part of selected range, the changing of cutoff frequency coverage ratio, non-LV 

coverage ratio, and mean value of transfer function are plotted in supplementary Visualization 2. 
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Fig. 4. The effect of source pattern segment and gray bit-depth on the POTF mercies of cutoff frequency coverage and non-LV coverage. Transfer function metrics 
comparison of cutoff frequency area and non-LV region with different source segment scale and gray scale. (a) Cutoff frequency coverage distribution of all combined 
source patterns with 5-Bit segment scale and 3-Bit gray scale, 6-Bit segment scale and 3-Bit gray scale, and 5-Bit segment scale and 4-Bit gray scale, correspondingly. 
(b) Non-LV coverage distribution of all combined source patterns with corresponding segment scale and gray scale. (c)-(e) Non-LV coverage of enlarged sub-regions 
in all source patterns index. 
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Fig. 5. The effect of source pattern segmentation and gray scale bit-depth on the POTF mercies of mean of transfer function. (a) Mean of POTF distribution of 
all combined source patterns with 5-Bit segment scale and 3-Bit gray scale, 6-Bit segment scale and 3-Bit gray scale, and 5-Bit segment scale and 4-Bit gray scale, 
restively. (b) Mean of POTF of enlarged sub-regions in all source patterns index. 

Fig. 6. POTF metrics of some special index of annular source patterns (e.g., from 0’70000 to 0’76000 and from 0’700000 to 0’760000 etc.) with different segment 
scale (5-Bit, 6-Bit, 8-Bit, 12-Bit, and 16-Bit segment bit-depth) but with fixed gray scale bit-depth (3-Bit gray scale). 
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Fig. 7. Characterization of 3D POTF for GIs and annular illumination with 32-Bit segment bit-depth with 8-Bit gray bit-depth. (a) GI apertures with different 
standard deviations ( 𝜎 = 0.25, 𝜎 = 0.45 and 𝜎 = 0.75), an inverse GI with 0.75 deviations value, and an annular illumination with coherent parameter 𝑠 = 0.97. 
(b)-(c) Corresponding section of 3D POTF and non-LV coverage region in 𝑢 − 𝑤 plane of different GI sources and annular source. Missing cone region and high 
frequency missing region are marked by the black and gray arrows, respectively. 
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it segment with 8-Bit gray bit-depth are invoked for the GI with differ-
nt standard deviations, as displayed in Fig. 7 (a). The curve of Gaussian
ource pattern is composed with 32-Bit segment from MSB to LSB and
28 gray level, and the bit-depth of segmentation and gray scale dis-
retization is basically enough for pupil coding engineering in this case.
ig. 7 (a) displays the source intensity distribution and the corresponding
llumination profiles projected on the condenser back focal plane with
he maximum illumination NA ( 𝑁 𝐴 𝑖𝑙𝑙 = 1.4). Among the proposed illu-
ination patterns, there are three GI apertures with different standard
eviations ( 𝜎 = 0.25, 𝜎 = 0.45 and 𝜎 = 0.75), an inverse GI with 0.75
9 
eviations value, and an annular illumination with coherent parameter
 = 0.97, respectively. As proposed in Fig. 7 (b)-(c), the corresponding
D POTF sections of different GIsources and annular source are plotted
n 𝑢 − 𝑤 plane, and the non-LV region of POTF sections are given as well.
t should be noted that we do not normalized the range of POTF from -1
o 1, thus, the POTFs have different contrast in the fixed range in Fig. 7 .

In the case of GI apertures, the standard deviations of Gaussian pat-
ern changes from 0.2 to 0.75, and the contrast of transfer function is de-
reased with the increasing of deviations value. However, the coverage
f missing cone region marked by the black arrows as well as the high
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requency region marked by the gray arrows are getting smaller with
igger deviations value in Fig. 7 (b). The MSB of illumination segments
orresponding high NA are accompanied by wider POTF frequency cov-
rage area, but the frequency component contributions of low NA (LSB)
nd high NA (MSB) cancel each other resulting large missing cone re-
ion and weak contrast of POTF response. This contrast reducing phe-
omenon is reflected in the non-LV region plots of GI where the POTF
ontribution of LV values are almost negligible, and the non-LV cover-
ge is getting smaller as well. For the comparison of POTF between the
I and inverse GI with the same 0.75 deviation value, the absolute POTF
istributions of these two illumination apertures are totally same with
ach other except for a linear factor of POTF according to the incoher-
nt superposition theory of POTF. This linear factor is basically related
o the source intensity area and equals to the source area ratio of two
ompletely complementary illumination sources (sum of these two com-
lementary sources intensity area equals 1). The corresponding POTF of
nnular pattern has the strongest contrast among the POTFs in Fig. 7 ,
n particular, the frequency components with relatively large value are
ainly distributed on the Ewald sphere of outer boundary due to the

obust frequency response contribution of MSB among small source in-
ensity area. Regardless of the various apertures, there always exists a
issing cone frequency region around the axis creating artifacts such as
alos and longitudinal stretching in the reconstructed 3D object in both
-ODT and PC-ODT modalities, and it is a well-known drawback of the
ide-field microscopy. Note that the regularization parameter plays a

rucial role in the deconvolution process of 3D POTF by invoking the
iener deconvolution algorithm [28,42] . In practice, the value of regu-

arization parameter is unknown and spatial-frequency dependent vari-
ble, and this value have to be carefully estimated for each spatial fre-
uency region of the POTF. In order to avoid the effect of regularization
arameter to final 3D RI reconstruction, the same regularization param-
ter is utilized for the POTFs deconvolution of presented simulated and
xperimental sources to ensure the minimal limitations of regularization
arameter in the analysis of illumination patterns. 

Besides, we simulate a pure phase micro sphere under different GI
pertures and annular aperture to analyse the imaging SNR performance
f various POTFs. This ideal phase micro bead (bead diameter 𝐷 𝑏𝑒𝑎𝑑 = 3
m, bead RI 𝑛 𝑏𝑒𝑎𝑑 = 1.59) is a homogeneous structure and it is immersed

n a surrounding medium mimicking the RI matching oil (Medium RI
 𝑚 = 1.58). Note that the system parameters (Maximum 𝑁 𝐴 𝑖𝑙𝑙 = 𝑁 𝐴 𝑜𝑏𝑗 

 1.4, central wavelength 𝜆 = 550 nm) invoked in this simulation are
ame with the 3D POTF calculation in the above section, as well as the
arameter of actual experimental setup. The intensity stack of each cor-
esponding illumination source contains 256 × 256 × 256 pixels, and
he lateral and axial sampling rates are both 0.065 𝜇m. 

Fig. 8 shows the comparative reconstruction results of the 3D phase
ead, and the first two rows of Fig. 8 are the simulated bead intensity
tack sections and Fourier spectrum sections under the white Gaussian
oise with different standard deviations ( 𝜎𝑛𝑜𝑖𝑠𝑒 = 0.1 and 𝜎𝑛𝑜𝑖𝑠𝑒 = 0.25,
espectively). The bead through-focus intensity data can be obtained
y the convolution of corresponding PSF and ideal phase bead and the
ddition of random noise. It can be observed that the feature of Fourier
pectrum becomes harder to resolve with larger noise deviation. Then,
he middle two rows in Fig. 8 displays the recovered 𝑥 − 𝑦 slice of the
econstructed bead RI under each illumination, and the corresponding
econvolved Fourier spectrum section. 

By analyzing the RI sections shown in Fig. 8 , we observe that GI with
arger deviation value 𝜎 provides better axial imaging results, but the
ecovered RI contrast is decreased. Thus, the GI with 𝜎 = 0.75 has the
orst contrast of the bead RI structure, while the RI distribution ob-

ained for annular illumination is more uniform than that of the other
lluminations. Furthermore, more robust SNR RI results of annular pat-
ern validates that the annular source pattern can provide the best per-
ormance among the illuminations. Moreover, the lateral and axial RI
rofiles of recovered bead are plotted in the last two rows of Fig. 8 to
ive more intuitive results about the characteristics of each illumina-
10 
ion aperture. Compared with the ideal lateral and axial bead RI profile
marked by solid and dotted red line, respectively), the lateral RI pro-
les under deviation of 0.1 (marked by solid green line) and deviation of
.25 (marked by solid blue line) noise can provide relatively good imag-
ng results. The axial imaging RI profiles (marked by dotted green and
lue line, respectively) are getting better with the increasing of sigma
alue, but the noise fluctuation of line profile under deviation 0.25 noise
ddition. In contrast, the annular illumination aperture can effectively
uppress the noise under different noise conditions and maintain rela-
ively high SNR of the RI reconstruction. From these results, it can be
oncluded that the annular aperture is the optimal illumination pattern
heoretically and corresponding POTF can provide the best imaging per-
ormance compared with GI strategy. 

. System Setup 

The proposed optimization analysis of illumination aperture is built
n an inverted commercial microscope (IX83, Olympus), as depicted
n Fig. 9 . A halogen white light source with a green interference filter
s used for illumination, which can provide quasi-monochromatic lights
ith narrow bandwidth (central wavelength 𝜆0 = 550 nm, ∼10 nm band-
idth). All experiments in the text were conducted using a 100 × oil-

mmersion microscope objective (Olympus UPLSAPO, NA = 1.4) and an
il-immersion condenser type top lens (Olympus, NA = 1.4, 𝑛 𝑜𝑖𝑙 = 1.515,
aximum incident angle = 67 . 5 ◦). Images were taken with an sCMOS

amera (Hamamatsu, Orca Flash 4.0 V3, 6.5 𝜇m pixel pitch). The GI and
nnular illumination patterns used in this work are custom-printed on
ircular film flakes with the opaque regions, and these aperture filters
re designed with different spatial parameters. The standard deviations
f GI patterns are 0.2, 0.45, and 0.75, respectively, and the normalized
adius of central opaque circular region of angular pattern is 0.9 cor-
esponding to coherence parameter. Moreover, the custom-printed gray
lm flake aperture is placed in the gap between two thin circular glass
lates, and all illumination apertures are manually fitted into an open
lot positions in the condenser turret and properly centered in the optical
athway. The axial scanning of intensity stack is realized by a mechan-
cal motorized refocusing system (e.g., piezo-stage) with a step size of
.065 𝜇m providing the same sampling rate with lateral direction. 

In our case, four sets of data are measured under corresponding il-
umination apertures, and the spatial sampling rates for these intensity
tacks in 𝑥, 𝑦 and 𝑧 directions are both 0.065 𝜇m. As for the image acqui-
ition and data processing time in our experiments, the exposure times
re set to 15 ms for GI aperture with 𝜎 = 0.2, 10 ms for GI aperture with
= 0.45, 5 ms for GI aperture with 𝜎 = 0.75, and 30 ms for annular

llumination aperture with 𝑠 = 0.9, respectively. All the experimental
ata is processed in a workstation (Intel Core i7-7820X, 3.6 GHz, 64 GB
DR4 RAM), and the time required for all computation processes (Par-
llel stack deconvolution operations) of intensity stacks field of view
FOV) (401 × 401 × 401 × 4) is about 6 seconds. 

. Results 

.1. Comparative result on control bead sample 

To demonstrate the RI imaging performance of several illumination
pertures proposed in the simulation section, we implement the experi-
ents on control bead sample and the comparative experimental results

re illustrated in Fig. 10 . The control sample is the micro polystyrene
ead (Polysciences, 𝑛 = 1.59 at 𝜆0 = 589 nm) with 6 𝜇m diameters im-
ersed in RI matching oil (Cargille, 𝑛 𝑚 = 1.58). For this experiment, the
etailed parameters are same with the simulation in subsection 2.4 ex-
ect that the dimension of captured intensity stack is 401 × 401 × 401.
ig. 10 displays the comparative intensity sections, POTF sections, and
ourier spectrum sections of micro phase bead under types of apertures,
nd the final RI section reconstruction results are presented as well. In
he first row of Fig. 10 , we show the axial raw intensity of phase bead
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Fig. 8. Simulation results based on a pure phase micro sphere under different GI apertures and annular aperture for the imaging SNR performance analysis of various 
POTFs. Theoretical lateral and axial bead RI profile are indicated by solid and dotted red line, respectively. Lateral RI profiles under deviations of 0.1 and 0.25 noise 
are marked by solid green and blue lines, respectively. Axial imaging RI profiles are marked by dotted green and blue lines, respectively. 
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or Gaussian aperture with standard deviation 𝜎 = 0.2, 𝜎 = 0.45, 𝜎 =
.75, and annular aperture with 𝑠 = 0.9, respectively. All intensity stack
ets are normalized to same background eliminating the effect of source
rightness and exposure time. It is intuitive that the intensity contrast is
anished gradually under Gaussian aperture with the increase of devi-
tion value, while the intensity section under annular illumination still
rovides relatively strong contrast. Besides, the POTF and Fourier spec-
rum slices of corresponding illumination aperture are provided in the
econd row of Fig. 10 . The shape and the amplitude distribution of POTF
11 
nd Fourier spectrum are consistent with each other, and the envelope
f incoherent POTF is also indicated by the white dotted line. 

We can observe that the missing cone region inside the envelope (in-
icated by the gray arrows) is gradually decreasing, while the low fre-
uency amplitude contrast becomes weak simultaneously. The missing
one region marked by the white arrows is induced by the limited illumi-
ation angle, and the frequency components in the Fourier spectrum of
ach intensity stack are matched well with the corresponding POTF both
n shape and amplitude. The last three rows of Fig. 10 illustrate the re-
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Fig. 9. Schematic illustration of experimental setup. (a) Description of partially coherent microscope. (b) Aperture diaphragm before the condenser lens can be 
custom-designed to the Gaussian and annular shaped aperture in the condenser turret. (c) Intensity stacks are recorded under respective illumination pattern. 
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3  
overed RI slice alone axial and lateral directions. This result shows the
onclusion that the increasing of deviation value of Gaussian aperture
s helpful to improve the axial imaging resolution of tomography, but
t will vanish the response amplitude of POTF at low frequency. Above
henomenon is similar to the effect of coherence parameter for circu-
ar illuminator aperture between resolution and contrast in bright-field
icroscope. On the contrary, the annular illumination not only provide

elatively strong intensity contrast but also cover the whole frequency
ass-band. It should be noted that the recovered bead RI distribution
nder the annular illumination pattern is a little bit distorted, and the
ismatch of shape and RI value between experimental and ideal dis-

ribution is caused by the misalignments of annular illumination and
bjective. This means that the position alignment tolerance of GI aper-
ure is better than annular illumination because the annular illumination
nly containing non-paraxially high illumination angle in experiments
ven though the theoretical performance of annular illumination is the
ptimal among all combinations of gray scale illumination patterns. In-
eed, the lateral imaging performance is not much different expecting
ower axial resolution, but the annular illumination is easily disturbed
y the aliment error to the objective pupil compared with GI pattern
nd circular illumination pattern. 

.2. Comparative result on unstained biological cell 

Moreover, we test these illumination apertures on the unstained bi-
logical cell sample and evaluate the RI imaging capability of various
pertures in its intended biomedical applications. A clusters of unstained
uman breast cancer MCF-7 cell is distributed on a glass sample slide
ith 0.9% sodium chloride immersion matching medium ( 𝑛 𝑤𝑎𝑡𝑒𝑟 = 1.33),
nd a thin 𝑛𝑜 . 0 coverslip is placed on the top of sample. For the case
here the RI of sample immersion medium is smaller than the RI of ob-

ective immersion medium, the illumination NA may not match with the
urrounding medium RI and, this mismatch will cause the the shrinking
f effective illumination NA smaller than the actual NA of condenser
enses. Within the volume of 301 × 301 × 301 pixels, the recovered re-
ion is about 20 × 20 × 20 𝜇m 

3 with sampling rate of 0.065 𝜇m along
ateral and axial directions. Fig. 11 displays the detailed comparison
f 3D RI results on unstained MCF-7 cell. The experimental results of
ateral intensity sections, axial Fourier spectrum sections, and the re-
overed RI slices are proposed. In the first row of Fig. 11 , the cell in-
ensity stack sections in the central planes are presented. Similarly, it
12 
an be observed that the image contrast becomes weaker with larger
eviation for GI, and the intensity cross section of annular illumination
attern still maintain a high level of contrast. The Fourier spectrum sec-
ions of captured intensity stack and recovered Fourier spectrum of RI
tack are coincident with POTF both in shape and distribution for corre-
ponding illumination patterns, which is same with the previously ob-
erved simulation and experiment phenomena illustrated in Fig. 8 and
ig. 10 . 

In addition, the comparisons of RI reconstruction are provided in
ig. 11 demonstrating the differences in imaging performance of var-
ous illumination apertures. The axial RI slices locating at 𝑥 1 = 1.82
m illustrate the changing of RI contrast and the axial imaging resolu-
ion, just like the prolongation of cell’s nuclei marked with white solid
llipses. The GI pattern with the smallest deviation value can give rel-
tively strong reconstruction contrast but with the worse axial resec-
ion. While the axial RI slice of annular illumination pattern can pro-
ide high contrast as well as the best axial imaging resolution among
hese illumination apertures. The images of RI reconstruction at three
ifferent lateral planes ( 𝑧 1 = -2.47 𝜇m, 𝑧 2 = -0.91 𝜇m, 𝑧 3 = 0.39 𝜇m)
re selected to compare the imaging ability of theses illumination aper-
ure. Within these lateral RI slices, the cellular membrane folds and
ell boundaries with high RI contrast and high resolution (marked with
ed arrows) is observed. The fine subcellular structures including nuclei
nd organelle are also visible and well resolved across multiple recon-
tructed 𝑥 − 𝑦 slices (marked with green and blue arrows). In the 𝑥 − 𝑦

ross-sectional views, some tiny grains feature in cytoplasm appeared
righter and sharper contrast are reconstructed with higher refractive
ndex values in cytoplasm (indicated with solid and dotted circles). Thus,
rom the comparative result on unstained biological cell, the Gaussian
perture with smaller deviation value provides robust low frequency
NR but the axial resolution is limited, while the POTF of annular illu-
ination has better axial imaging ability and relatively strong intensity

ontrast. 

. Conclusion and discussion 

In summary, we propose a gray scale segment division and coding
cheme for illumination based on conventional bright-field microscope,
nd the optimality of POTF corresponding annular illumination source
s demonstrated for single partially coherent aperture illumination in
D diffraction tomography. And this is the first time to present the
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Fig. 10. Experimental comparison results on control bead sample under different GI patterns and annular illumination pattern. Axial intensity sections, POTF 
sections, and Fourier spectrum sections of micro phase bead under types of apertures is displayed. The final recovered lateral slices, axial slices, and the RI Profiles 
are presented as well. The missing cone region is indicated by the arrows (white and gray). White dotted circles indicate exact profile of micro bead. 
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Fig. 11. Tomographic reconstruction of unstained human breast cancer MCF-7 cell. The central lateral sections of cell intensity, Fourier spectrum sections of intensity 
stack, and recovered Fourier spectrum sections of RI are proposed. Besides, RI reconstructions at axial and different lateral planes ( 𝑥 1 = 1.82 𝜇m, 𝑧 1 = -2.47 𝜇m, 
𝑧 2 = -0.91 𝜇m, 𝑧 3 = 0.39 𝜇m) are demonstrated. The axial distribution of cell’s nuclei is prolonged (indicated by the white ellipses). The fine subcellular structures 
including cellular membrane folds, nuclei, and organelle (marked with red, green, and blue arrows, respectively) and some tiny grains feature in cytoplasm appeared 
brighter and sharper RI contrast (indicated with solid and dotted circles) are distinguishable and well resolved across multiple reconstructed slices. 
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heoretical optimization analysis of 3D POTF in PC-ODT among arbi-
rary illuminations instead of focusing only on Gaussian patterns. The
oding of arbitrary gray illumination pattern index makes it easier to
alculate the POTF and evaluate the quality of POTF. Also, the custom-
uild quantitative metrics is introduced to maximize the performance of
OTF related to the “goodness ” evaluation of an illumination aperture,
nd the optimal illumination aperture with the imaging performance of
OTF is selected. Further, the optimal illumination strategy and analy-
is are implemented on a simulated micro phase bead object, and the
xperimental results based on a real control bead sample and unstained
CF-7 cell clusters demonstrate the best POTF quality of annular illu-
ination among proposed various source patten. The proposed work

nables new promising directions in biological cell studies and versatile
pplications in biological and biomedical research in 3D RI tomographic
maging. 

Note that there are still some issues should be discussed in this sec-
ion. The analytical approach of POTF calculation is much faster and
qually accurate compared to numerical integration methods that inte-
rate over a series of segment annuli, but the analytical express is not
vailable for some complex non-uniform illuminations containing high
rder polynomial term. Thus, the POTF has been numerically calculated
n this manuscript and its theoretically optimal design has been inves-
igated by a commonly used numerical process instead of a brute-force
ne. Even though we found that the absolute brightness of illumination
ource does not affect the distribution POTF of system and a thin an-
ular ring matched with objective NA was determined to be the best
llumination source, the annular illumination scheme may not be the
ost effective in the realistic experimental setup due to the SNR and
isalignment of real imaging model. 

Actually, the brightness of annular illumination will cause bad SNR
f image in realistic digital imaging process. Moreover, the misalign-
ent of imaging system between the objective and illumination aper-

ure is not taken into consideration, and the mismatch between the
heoretical and experimental 3D POTF of annular source may cause
evere artifacts in RI reconstruction and degrade the imaging resolu-
ion. In spite that the annular illumination pattern may not the best
ne in PC-ODT experiments, we demonstrate the optimal illumination
cheme under theoretically ideal situation. The modeling and charac-
erization of realistic experiments for 3D RI reconstruction (including
isalignment and noise in imaging system) is beyond the scope of

his work. For the left issues, more accurate realistic model including
oise to single characterization, aperture alignment tolerance analy-
is, and finer programmable gray scale source (e.g., micro LED and or-
anic LED) should be explored in the future work. A future line in the
evelopment of post-deconvolution processing will be investigated as
ell. 
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