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A B S T R A C T   

Digital holographic microscopy (DHM) is a cutting-edge interferometric technique to recover the complex 
wavefield scattered by microscopic samples from digitally recorded intensity patterns. In off-axis DHM, the 
challenge is digitally generating the reference wavefront replica to compensate for the tilt between the inter
fering waves. Current methods to estimate the reference wavefront’s parameters rely on brute-force grid searches 
or heuristics algorithms. Whereas brute-forced searches are time-consuming and impractical for video-rate 
quantitative phase imaging and analysis, applying heuristics methods in holographic videos is limited since 
the phase background level occasionally changes between frames. A semi-heuristic phase compensation (SHPC) 
algorithm is proposed to address these challenges to reconstruct phase images with minimum distortion in the 
full field-of-view (FOV) from holograms recorded by a telecentric off-axis digital holographic microscope. The 
method is tested with a USAF test target, smearing red blood cells and alive human sperm. The SHPC method 
provides accurate phase maps as the reference brute-force method but with a 92-fold reduction in processing 
time. Furthermore, this method was tested for reconstructing experimental holographic videos of dynamic 
specimens, obtaining stable phase values and minimal differences in the background between frames. This 
proposed method provides state-of-the-art phase reconstructions with high accuracy and stability in holographic 
videos, allowing the successful XYZ tracking of single-moving sperm cells.   

1. Introduction 

Digital holographic microscopy (DHM) is a non-invasive imaging 
technique that recovers the complex wavefield scattered by microscopic 
samples using a digital sensor without staining or fixation procedures [1, 
2]. DHM has been extensively utilized across various scientific fields, 
including microelectromechanical systems evaluation [3,4], monitoring 
and observation of cells and particles within a specific volume [5–9], 
and the characterization of cellular responses to environmental changes, 
such as the presence of pathogens or drugs [10,11]. The last two ap
plications involve dynamic biological processes that require accurate, 
stable, and rapid phase map reconstruction algorithms. 

Off-axis DHM systems enable fast and accurate quantitative phase 
imaging in a single shot. However, these systems require a tilting angle 
between the interfering wavefronts to separate the spectrum of the 
desired object information from the unwanted twin image and DC term 
in the Fourier domain [12]. In 2000, Cuche et al. proposed a Fourier 
filtering mask to select the spatial frequencies of the object and 

reconstruct the complex amplitude distribution [13]. However, the 
center and dimension of the filter mask must be chosen precisely to 
avoid imprecise phase measurements. Off-axis image-plane DHM sys
tems operating in the telecentric regime [14] are considered the most 
straightforward DHM systems as they involve minimal numerical pro
cesses [15]. Firstly, selecting the spatial object frequencies in the spec
trum of the DHM hologram, and, secondly, the compensation of the 
tilting angle between interfering waves. Incorrectly selecting the object 
frequencies can result in amplitude and phase measurements with low 
resolution. On the other hand, inaccurate compensation for the tilting 
angle can introduce errors in the reconstructed quantitative phase 
measurements [14]. One straightforward method for compensating and 
achieving precise phase extraction involves manually determining the 
tilting angle until a phase reconstruction without sawtooth fringes is 
obtained. However, choosing the best-reconstructed phase image can be 
challenging for DHM end-users since it heavily depends on their 
expertise. Any DHM reconstruction algorithm should be automatic (i.e., 
without user intervention) and provide accurate phase measurements 
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without phase distortions, regardless of the imaging sample and 
conditions. 

Several algorithms have been reported in the literature for numeri
cally reconstructing holograms with high precision. The first-generation 
DHM algorithms implement phase masks to counteract phase pertur
bations distorting the hologram. For example, Colomb et al. [16] pro
posed a polynomial fitting technique to generate a phase mask capable 
of compensating for the spherical wavefront introduced by the micro
scope objective and the tilting due to the off-axis configuration. How
ever, this technique requires significant computational power. In the 
same year, Colomb et al. [17] proposed a method for implementing 
numerical lenses that could compensate for any phase aberration in the 
hologram. Seo et al. [18] also proposed a curve-fitting algorithm that 
required one hologram with a small amount of sample information in 
the field-of-view (FOV) to extract the curvature of the spherical wave
front, distorting the recorded hologram. 

Phase-shifting-based techniques were originally proposed in the 
context of DHM to avoid the phase aberration compensation task while 
providing a computationally less intensive solution [19]. Atlan et al. 
[20] proposed a phase-shifting DHM technique in which four holograms 
with changes in phase and frequencies are required. Although phase 
shifting is quite robust for reconstructing holograms, it requires at least 
two holograms [21], challenging its application to real-time imaging. 
One of the first works to achieve phase compensation efficiently in a 
single shot was that proposed by Ferraro et al. [22] in 2003. In this work, 
the authors propose the comparison of three phase-compensation 
methods: in the first one, they use phase shifting to eliminate the twin 
image and the DC term of the hologram, and from the reconstruction, 
estimated using a simple parabolic adjustment, the curvature introduced 
by the imaging system. In the second proposed method, they calculate 
the curvature of the wavefront in the plane of the hologram (not in the 
reconstruction plane) and then, through propagation integrals, bring 
both holograms (hologram with sample and curvature correction holo
gram) to the same plane to make the subtraction of the phases. The third 
proposal uses a reference hologram, that is, a hologram without the 
sample’s information but only information from the image-forming 
system. The three techniques were evaluated and compared in that 
study to determine which generated better phase maps. Although the 
third method requires the capture of two holograms, it is the one that 
generated the best results. 

Although all the abovementioned methods can provide accurate 
phase measurements, they are based on iterative processes for calcu
lating masks or require multiple recordings, restricting their use for 
high-speed quantitative phase imaging. In other words, these methods 
are unsuitable for evaluating dynamic phenomena like the movement of 
microorganisms or cellular processes in vivo [23]. Some proposal [24] 
suggests hybrid methods for phase compensation, where algorithms 
combine optical setups in a telecentric configuration with a brute-force 
search of the interfering angle to recover the sample’s phase distribution 
with minimal distortions. While this proposal has a lower computational 
demand than previous methods [16,17] due to the physical 

compensation of the spherical phase factor with the telecentric config
uration, it does not achieve high execution rates for phase compensation 
due to a brute-force search inside the algorithm. Heuristic algorithms 
have recently been proposed to alleviate the compensation algorithms’ 
high computational complexity [25]. However, due to the probabilistic 
nature of these methods, the reconstructions may not always be as ac
curate as required in life science settings. Although several automated 
DHM reconstruction approaches [17,24,26–30] have been proposed, 
they often produce reconstructed phase images with phase nuisances, 
which hinder quantitative analysis. Moreover, the computational 
complexity of these methods still limits the proper recovery of phase 
maps free of aberration at fast rates, making quasi-real-time data pro
cessing a challenge [31]. Apart from these features, providing back
ground phase stability is critical for dynamic sample analysis 
applications. However, the primary approaches mentioned earlier for 
obtaining accurate phase images in DHM do not validate this capability 
within hologram video sequences. In recent years, emerging proposals 
have employed learning-based models to address the phase aberration 
compensation problem [31–33]. These algorithms utilize neural 
network-based architectures to learn the effective compensation of 
off-axis DHM holograms from image pair datasets. While these statistical 
algorithms, once trained, can achieve full-field-of-view compensations 
in a fraction of a second, they necessitate substantial amounts of data 
during the training stage. As a result, there is still a gap in the literature 
concerning the proper implementation of an accurate deterministic 
method for processing holographic videos at reasonable processing 
times. 

This paper proposes a solution to the challenges faced in recon
structing compensated phase map images from telecentric-based off-axis 
DHM holograms, in which phase maps are only distorted by a linear 
phase term due to the off-axis configuration. The proposed algorithm 
aims to quickly reconstruct phase maps with minimal changes in the 
background and high accuracy along the whole FOV. It utilizes an effi
cient semi-heuristic grid search method to estimate the carrier spatial 
frequency components within the +1-diffraction order in the power 
spectrum of the hologram. A modified version is also presented, which 
searches for compensating spatial frequencies between subsequent 
frames in a sub-pixel region to compensate for holographic videos. The 
method uses the accurate compensating spatial frequency components 
found in the first frame for the successive frames. The proposal is vali
dated using three samples: a USAF test target, smearing red blood cells, 
and alive human sperm. 

The structure of this paper is as follows: Section 2 outlines the 
experimental setup and describes the proposed methods, along with the 
validation metrics used for each algorithm. Section 3 presents the 
experimental results for static samples and holographic videos of dy
namic human sperm and red blood cells with varying degrees of scat
tering. The proposed method’s performance has been compared to 
traditional brute-force search [24] and heuristic [25] methods. Finally, 
in Section 4, the main findings of this research are summarized and 
concluded. 

Fig. 1. Digital holographic microscope optical setup in telecentric configuration.  
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2. Materials and methods 

2.1. The optical setup 

As previously mentioned, this research study uses a digital holo
graphic microscope based on a Mach-Zehnder interferometer working 
on an off-axis configuration, as depicted in Fig. 1. A collimated plane 
beam emerging from a 633 nm He-Ne laser is divided into two light 
paths by the first beam splitter (BS1). The first path is the reference arm 
of the interferometer, in which a plane wave travels undisturbed until 
the first mirror (M1). M1 reflects the light towards the second beam 
splitter (BS2), which introduces a tilting angle between the object 
wavefront along the x- and y-axes. The second path is the object arm. In 
this path, the light travels until the second mirror (M2) and through the 
sample. Then, a 40x /0.65 NA infinity-corrected Microscope Objective 
(MO) lens and a Tube lens (TL) of focal length 200 mm are used to collect 
the light scattered by the sample. The MO and the TL lenses are set up in 
the telecentric configuration, forming a 4f-like system, so the TL corrects 
the spherical wavefront distortion introduced by the MO lens [15]. 
Then, the object wavefront travels until the BS2, where it merges with 
the plane reference wave. The optical interference between the object 
and reference waves is recorded by a 1280×960 CCD sensor with square 
pixels of 3.75 μm2, located at the back-focal plane of the TL. Since 
image-plane holograms are recorded, the reconstruction of these holo
grams does not require numerical propagation to focus the object in
formation computationally. Nonetheless, we still need the spatial 
frequency filtering procedure and the phase compensation of the tilting 

interference angle to fully reconstruct accurate phase images, see Sec
tion 2.2. 

With this optical setup, holograms have been recorded from three 
different samples: a commercial USAF test target since it is a calibrated 
sample and two biological samples, smearing of red blood cells (RBCs), 
and alive human sperm. Both biological samples were donated to this 
study by a local Colombian healthcare center. Static holograms have 
been recorded from the USAF target and the RBCs. In contrast, a holo
graphic video is recorded from the human sperm sample to evaluate the 
potential of our proposed method in accurate quantitative phase imag
ing of holographic videos. 

2.2. Proposed semi-heuristic phase compensation (SHPC) method 

In DHM, the hologram distribution h(x, y) recorded onto the digital 
sensor is: 

h(x, y) = |o(x, y)|
2

+ |r(x, y)|
2

+ o∗(x, y)r(x, y) + o(x, y)r∗(x, y) (1)  

where (x,y) are the lateral spatial coordinates, and | |2 and * denote the 
absolute modules square and conjugate operator, respectively. In Eq. 
(1), o(x, y) is the complex amplitude distribution of the object wave
front, and r(x, y) is the complex amplitude distribution of the reference 
plane wavefront. Since the DHM system works in an off-axis configu
ration, the different terms composing the hologram distribution Eq. (1)) 
are placed at different spatial frequencies on the hologram spectrum. In 
other words, the spectrum of the object and reference intensity 

Fig. 2. Flowchart of the SHPC method.  
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distributions are always placed at the frequency origin. However, the 
spectrum of the real image, FT[o(x, y)r∗(x, y)], and virtual image, FT 
[o∗(x,y)r(x,y)], are distributed symmetrically to the frequency’s origin, 
and their position depends on the tilting angle between the object and 
reference waves. Then, numerically, one can apply a spatial filter in the 
hologram’s spectrum to select the +1-diffraction order, i.e., Fourier 
transform of the real image o(x, y)r∗(x, y). After filtering the spatial ob
ject frequencies from the hologram’s spectrum, one applies the inverse 
Fourier transform to the filtered hologram and multiplies it with the 
digital replica of the reference wavefront. Since the physical reference 
wavefront is a linear phase ramp, the digital reference wavefront in each 
discrete lateral position can be numerically implemented as 

rD(mΔx, nΔy) = exp
[
ik

(
mΔxsin θx + nΔysin θy

)]
. (2) 

In Eq. (2), k = 2π/λ is the wave number being λ the source’s wave
length, (m, n) are the discrete lateral coordinates of the sensor, and 
(Δx, Δy) are the pixel pitch in each dimension. The tilting angle (θx, θy) 
in off-axis holograms can be estimated by the hologram size and the 
center position (i.e., maximum position) of the +1-diffraction term [25], 

θx = sin−1
((

M
2

− fx

)
λ

MΔx

)

θy = sin−1
((

N
2

− fy

)
λ

NΔy

)

, (3)  

where (M, N) are the hologram size in pixels along the horizontal and 
vertical direction, respectively, and (fx, fy) are the carrier spatial fre
quencies of the +1-diffraction term (i.e., the center position of the +1- 
diffraction term). A critical process in the compensation task in off-axis 
telecentric-based DHM is finding the accurate spatial frequency com
ponents (fx, fy) to avoid phase reconstructions with distortions [13]. 
Several algorithms have been proposed for this accurate spatial fre
quency determination, primarily based on brute-force approaches or 
heuristic searches. This study uses the brute-force Full ROI [24] and the 
heuristic telecentric universal DHM algorithm (tuDHM) [25] algorithms 
for comparison purposes. Both algorithms are publicly available within 
the pyDHM library [34]. 

The Full ROI algorithm, proposed by Trujillo et al. in 2016 [24], is a 
grid-search algorithm that generates a mesh around the brightest pixel 
of the +1-diffraction order and searches for the spatial frequencies that 
produce the best-compensated phase map. The mesh must be of several 

pixels with a small subpixel step to explore a large area and guarantee 
that the algorithm determines the exact frequency coordinates. This 
exhaustive search leads to a considerable computational complexity, 
which implies long processing times but guarantees well-compensated 
phase maps. In 2021, Castaneda et al. [25] proposed the 
heuristic-based tuDHM algorithm to alleviate the high computational 
complexity of the brute-force approach [24]. This method generates 
phase maps with minimum distortions while minimizing the algorithm’s 
computational complexity. Unlike the grid-search process, the tuDHM 
algorithm minimizes a customized cost function that tracks the number 
of sawtooth fringes on the reconstructed phase images. However, the 
proposed cost function in Ref. [25] is non-convex, failing to produce 
fully compensated phase maps if the cost function finds a local mini
mum. Consequently, the performance of the tuDHM algorithm is un
predictable, lacking the required stability and accuracy for becoming the 
state-of-art phase reconstruction tool. 

The proposed Semi-heuristic Phase Compensation (SHPC) method is an 
alternative approach to reconstructing phase maps with reduced pro
cessing time while avoiding the local-minimum problem. Fig. 2 shows 
the flowchart that summarizes the SHPC method. 

This algorithm is a semi-heuristic method based on nested searches 
in which the grid size in every iteration is systematically reduced. First, 
the +1-diffraction term is identified, and then the brightest pixel within 
this term is located (fx max, fy max), see Fig. 3a). The search mesh is 
implemented according to two parameters: G is a factor delimiting the 
search range as (2 ∗G ∗step), with the subpixel step size. In the first 
iteration, the parameter G is set to 3 and the step parameter to 0.2. These 
values have been selected after calibrating the algorithm with several 
DHM holograms containing different densities and scattering properties. 
The chosen values of G and step result in a mesh size of 9.38 × 10−4 ∗

Δx−1 in the horizontal direction and 12 × 10−4 ∗ Δy−1 in the vertical 
direction. Note that the mesh size differs along the horizontal and ver
tical directions since the hologram is not a square image, M ∕= N. A phase 
image of each frequency coordinate pair within this mesh is generated 
by computing their corresponding complex conjugate reference wave
front (Eq. (2)) and multiplying it by the inverse Fourier transform of the 
spatially filtered hologram. 

The best-compensated phase map within this mesh is then selected 
by choosing the phase distribution with the least number of phase 

Fig. 3. Graphical description of the construction of the search grid inside the +1-diffraction term in the power spectrum of the recorded hologram for the 
SHPC proposal. 
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jumps. In other words, the best-compensated phase map is found when 
its binarized map has the highest number of white pixels (white = 1 
value). Therefore, one can automatically implement a maximum search 
for each phase map to estimate the best-compensated phase map, via 
Eq. (4). 

∑N

n

∑M

m
Thresh[φn(m, n), 0.1] = maxvalue. (4) 

In Eq. (4), φn is the normalized phase map, (m, n) are integer numbers 
denoting the pixel position, (M, N) are the total number of pixels in the 
phase map, and Threash [■] represents the thresholding operation that 
converts any pixel value larger than 0.1 into one. 

Fig. 4. Graphical description of the search for the spatial frequency components in each algorithm. (a) Grid search of the Full ROI algorithm, (b) Cost function 
minimization of tuDHM approach, and (c) Semi-heuristic grid search of SHPC method. 

Fig. 5. Schematic representation of the background stability assessment: (a) illustration of the profile lines taken to compute the phase map slope, (b) illustration of 
the mean slope for each frame within the holographic video stack. 

Fig. 6. Phase-accuracy validation of the ground truth method: (a) Wrapped reconstruction of the Full ROI, (b) Unwrapped reconstruction of the Full ROI, (c) 
Gaussian unwrapped reconstruction of the Full ROI, (d) Profiles of 6 elements and 5 sections of background. 
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This best-compensated phase map, obtained with the spatial fre
quency coordinates (fx temp, fy temp), serves as the starting point for the 
next search (Fig. 3c). A new mesh centered around the coordinates 
(fx temp, fy temp) is created with a reduced G value (G = 2), resulting in a 
smaller mesh size of 6.25 × 10−4 ∗ Δx−1 and 8 × 10−4 ∗ Δy−1 in the 

horizontal and vertical directions, respectively. The process is repeated 
until the values of the values of (fx temp, fy temp) coordinates converge. 
Successive meshes are created with a reduction of 1 in the parameter G 
(Fig. 3e). This process of shrinking the mesh is crucial to reduce the 
compensation times of the overall semi-heuristic search. Once the semi- 
heuristic nested search is done, the algorithm returns the best- 
compensated phase image and its corresponding carrier spatial fre
quency components. Supplemental material A provides an animated 
description of the proposed SPHC method. 

Based on the descriptions of the Full ROI, tuDHM, and SHPC algo
rithms, it can be concluded that the primary difference between the 
three algorithms lies in the method used to search for the carrier spatial 
frequency components. It is important to highlight that each algorithm’s 
search process is the most time-consuming step. Fig. 4 presents a 
graphical comparison of how each algorithm finds these spatial fre
quency values. Fig. 4a shows the extensive grid search of the Full ROI 
algorithm. The arrows indicate the directions in which the spatial fre
quencies within the grid are evaluated. In panel b), the complete heu
ristic behavior of the cost function minimization by the tuDHM method 
is observed. The red solid point represents the initial seed of the search, 
the green circles depict a partial step in the search process, and the blue 
circles represent the final spatial frequency components for 

Fig. 7. Comparison of different reconstruction algorithms to remove the phase ramp due to the off-axis configuration: (a) Full ROI. (b) SHPC, (c) tuDHM, (d) 
unwrapped-fitting, (e) reference-hologram and (f) zero-padding algorithms. The STD value is also included in each phase map. 

Fig. 8. Phase maps of single holograms compensated with the Full ROI (first 
column), the SHPC (second column), and the tuDHM (third column) for samples 
of RBC smearing (panel a–c), The compensation time (CT) to reach each 
compensated phase map is provided. The SHPC and tuDHM’s phase maps 
standard deviations (std) with respect to the Full ROI phase map (ground-truth) 
are also reported. 

Fig. 9. Standard deviation per frame of the holographic video of (a) Red blood cells and (b) sperm cells.  
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Fig. 10. Frames of the two holographic videos: (a) and (b) unsaturated RBC compensated with the D-SHPC and the m-tuDHM, and (c) and (d) Human sperm 
compensated with the D-SHPC and the m-tuDHM. 

Fig. 11. Mean background phase level and mean phase slope for each frame in holographic videos of fresh human sperm [panel (a) and (b)] and Red Blood Cells 
[panel (c) and (d)] samples. 
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compensation. The solid arrows illustrate a path that leads to a local 
minimum, and the dashed arrow illustrates the path that leads to the 
global minimum. This schematic demonstrates that this heuristic search 
does not always reach the global minimum value marked with the light 
green arrow. As a result, not all images are correctly compensated. 
Finally, in panel c), one can observe the size reduction of the grid during 
the search process of the SHPC. The red point is the central point of the 
first grid (i.e., fx max, fy max), the green one depicts a partial step in the 
search process (fx temp, fy temp), and the blue one represents the co
ordinates of the best-compensated phase map (fx out , fy out). The black 
arrows show the evaluation direction of the grid, while the orange ar
rows illustrate the path of the selected compensation coordinates. 

2.3. Dynamic SHPC: specimen variations in holographic videos 

Studying living organisms’ behavior and evolution is crucial in many 
biological applications. To do this, it is often necessary to reconstruct 
phase images quickly and accurately from a stack of holograms with 
minimum background level changes. A modification of the proposed 
SHPC algorithm, Dynamic SHPC (D-SHPC), is proposed to address the 
challenge of dynamic phase reconstructions. The D-SHPC method is also 
based on nested searches and is specifically designed to provide 

reconstructed phase images from holographic videos. In the first frame 
of the video, the SHPC method is applied to find the spatial frequency 
components that compensate for the hologram accurately (fx out , fy out). 
For subsequent frames, (fx out , fy out) values are in the upper right corner 
of a new search grid that is significantly smaller in size. This reduction 
can be made because, within subsequent holograms of the same video 
stack, the locations of the compensating spatial frequency components 
do not vary in a range greater than 11.25 × 10−4Δx−1 (i.e., less than 1 
pixel away from each other). As a result, for the second video frame, G is 
set to 0.2 and the step to 0.1, and in subsequent iterations for the 
remaining frames, G is reduced by a value of 0.1. The process continues 
as described in Section 2.2 but with new values of G and step for the 
search grid. Reducing the first search grid size (i.e., G = 0.2 in D-SHPC 
instead of G = 3 as in the SHPC) is crucial for further reducing the 
processing time. With these modifications, D-SHPC generates compen
sated phase maps at rates that allow for studying dynamic phenomena, 
such as the movement of human sperm. 

2.4. Comparisons with previously-reported DHM methods 

Several comparisons are proposed to validate the overall perfor
mance of the SHPC and the D-SHPC. First, the Full ROI phase maps are 

Fig. 12. Compensation times of the smearing RBC video frames (a) and c) and the human sperm video frames (b) and d)) when compensated with the D-SHPC and 
the m-tuDHM. 
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used as a ground-truth element for the static version of the algorithm. 
Therefore, the SHPC, tuDHM, and three additional methods are 
compared against the Full ROI approach. The first approach, derived 
from interferometric inverse synthetic aperture radar imaging, applies 
zero-padding to the recorded hologram, aiming to increase the fre
quency sampling and provide more accuracy to estimate the parameters 
of the digital reference wave [35]. The second method uses an 
unwrapped-fitting approach in which the phase distribution is recon
structed by computing the angle of the inverse Fourier Transform of the 
filtered hologram spectrum. Since we have not performed any phase 
compensation, the reconstructed phase distribution presents the phase 
ramp due to the off-axis configuration. After the reconstructed phase 
map is unwrapped, we perform a least squares surface fitting of the 
unwrapped phase map to estimate the parameters of the overall phase 
ramp, generating a digital phase ramp matrix [30]. Finally, both phase 
maps (i.e., the reconstructed phase map with the phase ramp and the 
digital phase ramp) are subtracted from one another to obtain a 
compensated phase map with the sample’s information. The third 
method consists of subtracting a reference hologram (i..e., hologram 
without object distribution) from the recorded hologram of the sample 
[22]. 

For evaluating the D-SHPC performance, a modified version of the 
tuDHM algorithm has also been implemented for comparison purposes; 
see Section 3 for more details. 

2.5. Evaluation metrics 

Two metrics (i.e., processing time and reconstruction accuracy) are 
selected to quantify essential performance parameters of the SHPC al
gorithm against the Full ROI, tuDHM, zero-padding, unwrapped-fittig, and 
reference- hologram methods. The processing time is determined by the 
execution time of the phase compensation process (i.e., compensation 
time, CT) in each algorithm, excluding image loading, visualization, and 
other steps common to all methods. The similarity of the compensations 
against the ground truth method is evaluated using an image similarity 
metric [36]. The Full ROI image is the ground truth for the phase map 
images. The standard deviation of the phase maps, Eq. (5), is measured 
to evaluate this parameter. 

σφ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅〈
(Δφo − Δφs)

2〉
+ 〈(Δφo − Δφs)〉

2
√

. (5) 

In Eq. (6), σφ represents the standard deviation of the phase error, 
Δφo is the Full ROI phase image and Δφs is the phase map generated by 
the other five methods (see Section 2.4), and 〈■〉 is the mean operator. 

When evaluating the dynamic samples, the goal is to determine the 
stability of the background in holographic video compensation. To 
achieve this, the slope of profile lines in each phase map’s horizontal 
(m1), vertical (m3), and principal diagonal directions (m2, m4) are 
calculated, as illustrated in Fig. 5a. Each image’s average slope (mprom) 
is then calculated, and the variation of this value throughout the holo
graphic video stack is analyzed for each algorithm (Fig. 5b). Addition
ally, each image’s average background level is determined through a 
segmentation process in which only the background information is 
extracted and used to calculate an average value. The segmentation 
process is done by applying a strong Gaussian Filter to the reconstructed 
phase image (i.e., kernel size = 7), discriminating the background in
formation from the object one. From the segmented phase map, the 
image’s mean value is calculated as the background mean level in a 
single frame, enabling us to study how the background level changes 
throughout subsequent reconstructions. 

3. Results 

Before presenting the experimental results, the validity of the Full 
ROI as the ground truth method must be established by analyzing the 
reconstructed phase image of a hologram of a commercial Star Target 
from the Benchmark Technologies Quantitative Phase Target. Fig. 6(a) 
and (b) shows the wrapped and unwrapped reconstructed phase images 
provided by the Full ROI method. After applying a Gaussian filter to the 
unwrapped reconstruction to eliminate phase noise inside each element 
[Fig. 6 (c)], 10 profiles of the star target (e.g., 5 across the star element 
and 5 across the background) have been plotted in Fig. 6 (d). The phase 
difference between the background and the star element is equal to 
10.66 ± 0.1 radians. Assuming that the difference in refractive index 
from the optical glass and the air is 0.52, the corresponding thickness of 
the star element is 353.41 ± 6.37 nm. Since there is an error of 0.98 % 
between the reconstructed thickness and the expected value (e.g., 350 
nm), one can confirm the accuracy of the Full ROI algorithm for phase 
reconstructions and its validity for being the ground truth method in this 
work. 

The first experiment compares the phase map recovered by the SHPC 
algorithm and those from the Full ROI (ground-truth), tuDHM, zero- 
padding, unwrapped-fitting, and reference-hologram methods. These 
computational algorithms were executed in a computer station hosting 
an Intel(R) Xenon(R) running at 3.60 GHz. The results of this experiment 
are shown in Fig. 7. 

The standard deviation (STD) of each algorithm against the Full ROI 
is reported in the bottom part of each image. Also, the compensation 
time (i.e., CT) is reported for each method. From this information, one 
can observe that the tuDHM and the SHPC provide the lowest STD 
values. On the other hand, the unwrapped-fitting and the reference-holo
gram methods are the ones with the highest STD values, providing the 
worst reconstructed phase maps (see, zoom in elements, in Fig. 7) 
eventhough the background in those phasemaps are the most homoge
neous (see zoom in lower right corner). This is evident when visually 
analyzing the quality of the resulting phase maps in Fig. 7(d) and (e). 
Although the reconstructed phase map obtained by the zero-padding 
method is similar to the one provided by the SHPC one, their quantita
tive values differ (i.e., the STD value is 0.10 rad for the SHPC method 
and 0.13 rad for the zero-padding one). In addition, the zero-padding 
method requires more time when performing the compensation. The 
performance of the unwrapped-fitting method is significantly dependent 
on the performance of the unwrapping algorithm, not necessarily lead
ing to good phase maps. The unwrapping algorithm used in this study 
was proposed by Xia & Picart et al. in 2006 [37,38]. Because the 
unwrapping algorithms are based on probabilities, this algorithm tend 
to fail in some regions of the estimated unwrapped phase map when 

Fig. 13. Trajectory of sperm cell.  
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objects producing several phase jumps. Regarding the reference holo
gram algorithm, we see that it has a qualitative and quantitative per
formance similar to that of unwrapped-fitting, with a shorter processing 
time. 

The tuDHM and SHPC models are considered for the next experiment 
since they have the best reconstructed phase maps (i.e., lowest STD 
values). In Fig. 8, we present the compensation time (CT) and the 
standard deviation (std) to the ground-truth phase image. The SHPC is 
around 92 times faster than the Full ROI method for all samples ac
cording to the compensation times. Additionally, while the tuDHM 
method has a shorter execution time than the SHPC method, its accuracy 
is lower in this biological sample, as evidenced by the purple rectangles 
in panels b) and c) and their std values. Within these areas, the tuDHM 
phase map displays a remaining uncompensated phase ramp, repre
sented as a darker gray level within the purple rectangle. This phase 
ramp in the tuDHM image results in the RBC within the green circle 
appearing wrapped in the image and displaying a different phase value 
from the other RBCs in the same frame and a different value from the 
same cell in the Full ROI and the SHPC compensations. 

When comparing the region in the blue rectangle in panels b) and c) 
to panel a), one can observe that the reconstruction of the SHPC is more 
similar to the ground-truth phase map than the tuDHM reconstruction 

since the latter presents a remaining tilting in the left bottom corner, 
represented with the transition of the background level from gray to 
white. The error supports this result reported for each image, where it is 
observed that the metric is an order of magnitude lower in the case of 
SHPC (0.09 radians) than in the tuDHM (0.27 radians). 

The third experiment evaluates the D-SHPC algorithm’s capability to 
accurately reconstruct holographic videos from dynamic phenomena. 
The first validation involves calculating the standard deviation of each 
phase map reconstructed by D-SHPC against those reconstructed with 
the Full ROI (ground truth). For this validation, Eq. (5) is computed for 
100 frames of each sample (red blood cells and sperm cells). Fig. 9 
presents the calculated STD per frame and the average value for each 
sample. The results obtained for each video are in agreement with the 
static results of the SHPC (see Figs. 7 and 8). Therefore, the recon
structed phase maps of the holographic videos by the proposed method 
are guaranteed to be compensated similarly to those reconstructed with 
the ground truth method. 

A modified version of the tuDHM algorithm (m-tuDHM) has been 
implemented for fairness in the comparison. The m-tuDHM method 
utilizes the compensation spatial frequency coordinates of frame n-1 as 
the seed for the minimization process in frame n. This ensures that both 
algorithms initiate their compensation process around the carrier 

Fig. 14. Reconstructed phase images of three different frames of the holographic video for a spatially dense RBC smearing when compensated with the D-SHPC 
(panel a) and the m-tuDHM (panel c) and their correspondence unwrapped phase map (panel b and d, respectively). 
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frequencies of the previous frame. The experimental validation of these 
methods involved recording samples of fresh human sperm and smear
ing red blood cells. Fig. 10 displays several phase images reconstructed 
from holographic videos by the D-SHPC and m-tuDHM methods. Panels 
a) and b) show three frames from the RBC sample, while panels c) and d) 
are the phase reconstructions for the human sperm holographic video. 
Overall, all the phase images are well compensated. However, there is a 
noticeable difference in the reconstructed background level between the 
D-SHPC and m-tuDHM methods for the phase images shown in panels c) 
and d). This discrepancy highlights the presence of a constant offset in 
the phase background levels introduced by the m-tuDHM method, as 
previously discussed. The supplemental materials are the reconstructed 
phase videos for both samples and algorithms. The compensated 
reconstructed videos are also available in the supplemental material: S1 
video for RBC_DRF_14sep.mp4 (D-SHPC-yielded video), S2 video for 
RBC_tuDHM_14sep.mp4 (m-tuDHM-yielded video), S6 video for 
sperm_DRF.mp4 (D-SHPC-yielded video) and S7 sperm_tuDHM.mp4 (m- 
tuDHM -yielded video). 

The mean background phase level and the mean phase slope in each 
video frame are measured as described in Section 2.4. Fig. 11 presents 
these results for each sample. In Fig. 11a, one observes that the mean 
background phase levels of the compensated phase images by the m- 
tuDHM method are complementary to the values obtained by the D- 
SHPC method around π radians, meaning they are each other’s negatives 
in phase. In contrast, Fig. 11c shows that the mean phase value in each 
reconstruction frame behaves similarly for both methods. However, 
when analyzing the mean phase slope of each frame in the holographic 
videos presented in panels b) and d) of Fig. 11, it can be seen that the D- 
SHPC produces more stable compensations than the m-tuDHM. In both 
panels, the mean phase slopes of the D-SHPC images have less variability 
than those of the m-tuDHM images as denoted by their standard de
viations: 4.85 × 10−5 radians (D-SHPC) and 1.36 × 10−4 radians (m- 
tuDHM) in panel b), and 1.75 × 10−4 radians (D-SHPC) and 9.99 ×10−4 

radians (m-tuDHM) in panel d). The high variability in the mean slope 
value of the m-tuDHM reconstructions is due to the heuristic nature of 
the algorithm since the optimization process can follow different paths 
in each frame. Therefore, the final reconstruction can present a high 
variance from the previous one. 

To further compare the D-SHPC and m-tuDHM performances, the 
compensation times of each algorithm for each holographic video are 
also reported, see Fig. 12. A clear difference between the algorithms is 
distinguishable. The reconstruction times of the m-tuDHM are random, 
as is expected for heuristic algorithms, while the D-SHPC processing 
times remain constant. The first compensation in the D-SHPC method 
takes around 5 s due to the larger searching grid of the first frame; 
however, the remaining frames are compensated in less than 0.3 s. 

The compensation times of the D-SHPC are fast enough to provide 
compensated phase images at a rate that allows for studying some dy
namic processes, which makes this proposal suitable for living tracking 
applications, among others. To validate this assumption, a fragment of 
the holographic video of the sperm sample has been extracted to 
perform a single-cell XYZ tracking. The video is available in S3 supple
mental material (video_sperm_Tracking.mp4). The selected specimen is 
localized easily in all video frames due to the stability of the phase 
background provided by the D-SHPC algorithm. Fig. 13 presents the 4D 
trajectory (XYZ + time) of one single cell for illustration. Each point is 
computed in that figure with a time interval of 50 ms. 

A spatially dense sample of moving red blood cells has been recorded 
as a final experiment to evaluate the algorithm’s capability. In Fig. 14, 
some frames of the video are displayed. The compensated reconstructed 
videos are also available in the supplemental material: S4 video for 
RBC_DRF_27sep.mp4 (D-SHPC-yielded video) and S5 video for 
RBC_tuDHM_27sep.mp4 (m-tuDHM-yielded video). In these recon
structed videos, some frames present noisy artifacts in the resulting 
phase maps; see frames 81 and 175 from the video sequences in Fig. 14. 

The reconstructed phase images in Fig. 14 have different background 
reference, resulting in relative phase values of the specimens that 
differed from those of previous frames in the sequence. Nonetheless, the 
D-SHPC algorithm still generates the best-compensated phase image 
among the tested methods since the absolute measured phase difference 
of each specimen is still correctly recovered. This can be observed in the 
second and third column of panel a) and c) in Fig. 13, where the 
unwrapped [39] phase map of the D-SHPC and m-tuDHM image are 
presented. While the unwrapped phase map of the m-tuDHM (second 
and third column of panel c) presents a phase ramp along the horizontal 
and diagonal axis, the D-SHPC reconstruction is a plane phase map. To 
support this statement, the mean slope of the image was also calculated 
and reported under each frame. These results reassure D-SHPC’s capa
bility to reconstruct spatially dense samples correctly. 

4. Conclusions 

This work presents a semi-heuristic algorithm (SHPC) to reconstruct 
phase images with minimum distortion in the full field-of-view (i.e., 
1280×960 pixels or 4.8 × 3.6 cm2). The method is aimed at holograms 
recorded by an off-axis Digital Holographic Microscope (DHM) set at 
telecentric mode, providing high background stability and overall ac
curacy. The studied samples are a USAF test target, two smeared red 
blood cell samples, and an alive human sperm sample. The accuracy of 
phase compensation methods in off-axis DHM depends on correctly 
determining the spatial frequency coordinates of the center of the +1- 
diffraction term in the Fourier spectrum of the holograms to build a 
precise digital reference compensating wave. After thoroughly 
comparing with previously reported numerical phase compensation 
methods, this research has chosen the algorithm referenced in [20] as 
the ground-truth method to validate the results, ultimately yielding the 
best outcomes. This method proposes a brute-force grid search around 
the brightest pixel of the +1-diffraction order, combined with a slight 
searching step to ensure finding the best-compensated phase map at the 
expense of a high computational cost. Under the same conditions, SHPC 
recovers phase images with a maximum of 0.12 radians of standard 
deviation (std) compared to those obtained with the ground-truth 
method, but around 92 times faster. The SHPC method differs from 
the traditional method of searching a large grid with a minimum step. 
Instead, it performs several sequential searches in smaller areas in the 
Fourier domain of each hologram. Following a guided search path, the 
method performs these searches around each iteration’s partial 
best-compensating spatial frequency components. By using this 
approach, processing times are reduced while still ensuring accurate 
reconstructions in each run. A comparison was also made to assess SHPC 
with the fully heuristic tuDHM approach [25]. The comparison results 
showed that although SHPC required more processing time, it consis
tently produced accurate phase reconstructions for all the tested sam
ples, in contrast to tuDHM, which generated inaccurate reconstructions 
for some samples. 

A modified version of SHPC, called Dynamic SHPC (D-SHPC), has 
been developed to accurately retrieve phase maps from sequences of 
holograms. The modified version’s most time-consuming step is 
compensating the holographic sequence’s first frame. However, it has 
been observed that the compensating spatial frequency components of 
subsequent frames in a holographic video locate within a radius of less 
than 11.25 × 10−4Δx−1 in their Fourier spectrum. As a result, the 
compensation process for the first frame can be treated differently from 
the rest of the holograms. Once the algorithm identifies the compensa
tion frequencies for the first frame, repeating the comprehensive search 
in subsequent frames is unnecessary. This reduction in the grid search 
enables fast execution while preserving the method’s accuracy. When 
tested on a computer station powered by an Intel(R) Xenon(R) running 
at 3.60 GHz, the D-SHPC renders at a maximum of six (5.88 ∼ 6) frames 
per second (i.e., 0.17 s ± 0.01 s) in reconstructing phase maps from 
1280×960 pixel holograms. The D-SHPC has been tested with a 
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holographic video of an alive human sperm sample, obtaining almost 
plane reconstruction (mean slope of − 1.2 × 10−3 ± 7.75 ×

10−4 radians in each phase map) in less than 0.2 s. The proposed 
method’s performance was compared with a modified version of the 
tuDHM approach for holographic video processing. The results show 
that D-SHPC outperforms the fully heuristic method, producing more 
accurate phase results and ensuring greater background stability be
tween successive frames of the tested videos, even for highly scattering 
samples. 

All the performed tests show that the SHPC algorithm is highly 
suitable for particle tracking applications since it can quickly generate 
phase maps with minimum background changes. The reconstructed 
sequence provided by the D-SHPC algorithm has been used to track an 
individual sperm cell, validating the assumption successfully. 

One primary drawback of the proposed method, as with other phase 
compensation methods in DHM, is that the compensation time depends 
on the dimensions and complexity of the hologram, such as the cell 
density in the sample. A parallelized algorithm version will be imple
mented to decrease compensation times in future studies. Specifically, 
the generation of numerical references will be parallelized to reduce the 
compensation process time. Despite these potential limitations, the 
application of SHPC and its modified version D-SHPC enables the use of 
DHM in various fields, where precise and consistent phase re
constructions can be achieved within a reasonable processing time. 
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