
Autofocusing method for active Hadamard single-pixel microscopy using 
gradient descent algorithms

Heberley Tobón-Maya a,*, Samuel I. Zapata-Valencia a, Lindsey Willstatter b,c, Stefano Bonora b,  
Andrea Farina d, Jesús Lancis a, Enrique Tajahuerce a

a Institute of New Imaging Technologies (INIT), Universitat Jaume I, Castelló E12071, Spain
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A B S T R A C T

In active single-pixel microscopy (SPM) the final image quality is mainly determined by the correct focusing of a 
set of structured light patterns over the sample under study. The correct pattern checking represents a recurrent 
time-consuming task. In this work a fast, reconstruction-less autofocusing correction method for Hadamard- 
based reflective SPM is presented. The defocus phenomenon in SPM is physically described, and numerically 
and experimentally evaluated. A focus tunable lens is employed to introduce a controllable phase and correct the 
defocusing aberration. The value of the focal length correction is evaluated by analyzing a reduced region of 
interest within the Hadamard frequency space which ensures fast and reconstructionless operation for the 
autofocus routine. The sum of the absolute value of the measured sampled frequencies reaches its maximum 
value when the defocus is fully corrected. The inverse of the calculated sum is minimized using the gradient 
descent algorithm within an average of 9 experimental iterations to reach the optimal phase value. The per
formance of the method is tested experimentally with a resolution test chart placed along the focusing axis.

1. Introduction

Single-pixel microscopy (SPM) profiles a promising and versatile 
unconventional imaging technique due to its spectral sensitivity range, 
achievable framerates, and available hardware solutions for its imple
mentation [1–6]. In SPM, a set of structured patterns, usually codified on 
a digital micromirror device (DMD), are projected over the sample to be 
imaged. A bucket detector collects the intensity corresponding to each 
pattern projection, and the sample image is retrieved after some 
computational effort. Among the multiple alternatives for the SPM 
sampling, deterministic approaches like Hadamard-based, and 
Fourier-based SPM have been broadly implemented [7,8]. As described 
in previous literature [7,9], Hadamard and Fourier bases are better 
suited to different use cases. The reported advantages of implementing 
Hadamard-based SPM can be summarized in three milestones: i) The 
lack of phase shifting required in Fourier-based SPM, which is computed 
between different projected patterns over the sample to obtain the 
corresponding base coefficients [9], ii) performance in noise imaging 
conditions [9,10], iii) and the representation of high-frequencies, up to 1 

/Δx, with Δx equal to the smallest period of sampling commonly defined 
in Hadamard-based SPM by the DMD pixel size demagnified over the 
sample.

The general implementation of Hadamard-based SPM studied in this 
article is shown in Fig. 1. Each pattern of the Hadamard base [8] is 
projected over the sample to be imaged as shown in panel (a). Each row 
of the Hadamard matrix corresponds to a rectangle function oscillating 
from ±1 expanded to two dimensions. Then, as is shown in panel (b), the 
corresponding pointwise product between the corresponded pattern and 
the sample is integrated to compose an element of the Hadamard 
transform, as shown in panel (c). The implementation of this process for 
each Hadamard basis pattern produces the Hadamard frequency spec
trum of the imaged sample, where the coordinates fx, fy are determined 
by the frequency of the rectangular waves that compose the Hadamard 
basis, with a subperiod of 1/n units, with n equal to the number of pixels 
of each element of the base along the corresponding axis [11].

The correct projection of the patterns over the sample mainly de
termines the final image quality in SPM. In particular, the defocus of the 
projected patterns leads to a defocused recovered image. Therefore, the 

* Corresponding author.
E-mail address: tobon@uji.es (H. Tobón-Maya). 

Contents lists available at ScienceDirect

Optics and Lasers in Engineering

journal homepage: www.elsevier.com/locate/optlaseng

https://doi.org/10.1016/j.optlaseng.2024.108699
Received 6 September 2024; Received in revised form 24 October 2024; Accepted 13 November 2024  

Optics and Lasers in Engineering 185 (2025) 108699 

Available online 21 November 2024 
0143-8166/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:tobon@uji.es
www.sciencedirect.com/science/journal/01438166
https://www.elsevier.com/locate/optlaseng
https://doi.org/10.1016/j.optlaseng.2024.108699
https://doi.org/10.1016/j.optlaseng.2024.108699
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2024.108699&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


typical process to recover a SPM image implies a robust check of proper 
pattern projection as seen in Fig. 2 panel (a). The projection is commonly 
affected by defocusing of the Hadamard patterns onto the sample plane, 
either produced by the DMD [12], the sample, or the imaging system 
itself as seen in Fig. 2(b) where the patterns focal plane differs from the 
sample focal plane.

Any defocus will result on a distorted pattern projection on the 
sample plane under investigation. The projected patterns over the 
sample plane will be the Hadamard patterns convolved with a defocus- 
like aberration W with a functional form as expressed in Eq. (1): 

W(x, y) = eik Δz
2WD2 (x2+y2), (1) 

where WD is the working distance of the microscope objective, Δz is the 
axial distance between the focus plane of the patterns and the actual 
plane where the sample is located, and k is the wave number [13]. 
Therefore, the scanning process with the aberrated functions of the basis 
will lead to an aberrated recovered image as will be illustrated later in 
this work.

In conventional imaging systems, adaptive optical elements along
side iterative methods applied over the imaged samples have been used 
routinely to correct not only defocus but also other aberrations [14–17]. 
However, applying mathematical processes over the recovered image 
jeopardizes the acquisition rate of SPM, downgrading the achievable 
framerates by adding unwanted computational effort. A similar scenario 
is faced when modern learning-based solutions are considered, where 
the final recovered images usually represent a machine learning model 
input [6,18,19]. Alongside this scenario, the lack of generalization of 
learning-based models always represents a danger in the recovered 
image interpretation, especially in settings differing from the model 
training conditions [18].

To overcome the need for recovering the complete image for aber
ration correction, as demanded by traditional correction methods, 
recent advances in the field of Fourier SPM showed promising results 
either by using active elements, or by analyzing the recovered Fourier 
spectrum along a full axial scan of all the available positions in the 
focusing axis [20,21]. For the first case, using an active element, like a 
diffraction grating [20], demands modifications to the conventional 
SPM systems. On other hand, in the axial scanning method described by 
Z. Deng in [21], two measurement stages are required in the fitting 
process of a good estimator. The first stage demands a large number of 
measurements with low variance to find a region of interest, while the 
second stage requires a finer batch of measurements for proper method 
implementation.

The key differences between Fourier and Hadamard methods, which 
include not only the functional support defining their frequency space 
but also the usage conditions, invite to perform a detailed study of the 
defocus correction process for Hadamard based SPM. In this work we 

conduct such a study taking into account these differences and inspired 
by the aforementioned approaches, along with the well-known use of 
adaptive optics elements to correct aberrations. Specifically, we explore 
a method that leverages the direct access to the Hadamard frequency 
representation, examines the effects of defocus over the Hadamard 
spectral domain, and employs the gradient descent algorithm for defo
cus correction in Hadamard-based SPM.

2. Pattern defocusing effect

Initially, with the aim of numerically defining and validating the 
defocus effects over the Hadamard-based SPM, a computational evalu
ation of the defocus impact over the different frequency components of 
the recovered image is performed. As it was previously stated, the 
Hadamard Frequency domain is notably different both in its base sup
port and its functional form to the Fourier domain implemented in 
previous SPM autofocusing approaches. To simulate defocusing effect, 
each Hadamard pattern is convolved with a user-defined defocus nu
merical phase, following the functional form in Eq. (1). To simplify the 
numerical simulation, also considering any source of defocus, aberration 
in Eq. (1) is written in terms of a general DF defocusing value, that can be 
measured in term of diopters, and it is defined in terms of Δz and the 
working distance WD of the microscope objective DF= Δz

WD2, that is 

W(x, y) = e
ik
2 DF(x2+y2). (2) 

To conduct the computational evaluation, a simulated Siemens star 
test, illustrated in panel (a) of Fig. 3, is imaged by changing the DF value 
in the simulated phase in Eq. (2), ranging between − 3.5 dpt and 3.5 dpt. 

Fig. 1. Hadamard patterns projected into the sample plane by a microscope objective in panel (a). Pointwise product between the projected pattern and the imaged 
sample, followed by integration, in panel (b). Hadamard spectrum of the imaged sample in panel (c).

Fig. 2. Hadamard patterns projection check. Panel (a) and (b) corresponds to 
experimental realization of active SPM. In panel (a) the patterns are correctly 
projected over an USAF resolution chart, and panel (b) corresponds to a case 
where the focal plane of both sample and patterns is not the same. The scale bar 
corresponds to 100 μm.
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To analyze the effect of defocus in the Hadamard spectrum, we choose 
three areas strategically positioned corresponding to low, medium, and 
high frequency components, labeled as zones Z1, Z2, and Z3, respec
tively, in the Siemens star Hadamard spectrum illustrated in Fig. 3 panel 
(b). We will evaluate the Sum of the absolute values of frequencies in 
each area Zk at a determined DF value S

(
DF,Zk) =

∑
ABS(Zk)|DF, and the 

percentual evolution with respect to the in-focus position as the defocus 
value is varied by changing its value, which is measured in [1/m].

The spectrum percentage areas are defined in terms of the maximum 
frequency fmax. For the region Z1, the lateral size of the square is chosen 
as fmax/4. In Z2 the diameter is given by fmax/4. In Z3 the circle has a 
diameter 2⋅fmax/4. In this way, we define areas of study with 6.25 %, 5 % 
and 20 % of the total spectrum area, respectively. The percentage of the 
total spectrum is selected based on fmax/4. supported by recent advances 
on sampling strategies reported for Hadamard single-pixel imaging [22].

As well as in conventional imaging systems [23,24], the direct 
defocus effect in SPM can be broadly defined as the loss of the high 
frequency values of the imaged samples. To quantify the defocus impact 
over the recovered image, the ratio of the total sum of the normalized 
frequency components of the formerly described areas shown in Fig. 3
(b) with respect to their in-focus value is evaluated in Fig. 3 panel (c). 
This illustrates the variation of the Hadamard frequency components for 
multiple defocusing values.

As expected, the evolution of the low-frequency components is not 
representative of the defocus variation, meanwhile, a significant varia
tion is appreciated in the high and the intermediate frequency zones. 
This result significantly differs from the previous reported defocusing 
descriptors for Fourier based SPM, and profiles the need of a better 
defocusing descriptor for Hadamard based SPM. Furthermore, the 
variation of the high-frequency region is meaningful only in a reduced 
DF range near to the in-focus distance, while it remains with a smaller 
variation level far from the focus. One can conclude that profiling the 
intermediate frequency zone is a promising descriptor of the defocus 
effect along the entire defocusing range for Hadamard-based SPM.

For a better clarification of this point, the numerically defocused 
image of the Siemens star, shown in the purple inset of Fig. 3 panel (c) 
can be used as a reference. In the reference inset the siemens star is 
convolved with an aberration phase DF, as described in Eq. (2), with a 
value of 2.5 diopters. In this case, the frequency sum in each area of the 
frequency space suffers a percentual change with respect the aberration- 
free case of 14 % for Z2 and 30 % for Z3, meanwhile, the low-frequency 
encircled area Z1 only changes by 3 %. This variation among the fre
quency zones in Hadamard-based SPM is noticeably different to that 
described in the currently available solutions for Fourier-based SPM, 

where significant variations are observed in the low frequency regime 
[21].

The previously described phenomenon of high-frequency losses is 
common to other type of aberrations and, therefore, the value of the 
high-frequency components of an image have been broadly used as an 
input of a user defined merit function in conventional microscopy [17], 
to iteratively correct the imaging system aberrations. However, when 
applying these methods, the recovered image must be computationally 
processed to access its frequency information in a given space, 
commonly the Fourier frequency domain. This implies that each itera
tion is determined not only by the computation of the merit functions 
over the frequencies, but also by the computational capabilities to 
perform the change of representation. This is precisely where SPM 
computationally eliminates the need of recovering a full complete 
image. The direct access to the image frequency components in 
Hadamard-based SPM, by projecting only the patterns corresponding to 
a determinate frequency information, allows the implementation of 
diverse merit functions based on the correct sampling of the different 
image frequency components without performing additional computa
tions or compute complete image retrieval process.

3. Proposed method

The Intermediate frequency zone, Z2 in Fig. 3 panel (b), is selected in 
this work as the region of interest (ROI) to define a merit function 
capable of describing the defocusing effect over the recovered Hada
mard spectrum. The said region corresponds to a circle of a diameter 
equal to 25 % of the highest sampled frequency value, which is also 
centered at 25 % percent of the maximum frequency for each axis. This 
ensures an equal proportion of sampling along both axes for the imaged 
sample. The selection of this intermediate zone is supported by three 
critical factors: Firstly, the high-frequency component sampling repre
sents a challenge as they usually hover around values in the range of the 
background noise of the detector. Second, the smooth change of the sum 
ratio as a function of the defocused value in region Z2 is convenient in 
comparison with the behavior of low-frequency values in the Z1 region, 
which barely changes, and with the change of high-frequency values in 
region Z3, which are only significant near to the in-focus position. A 
larger number of samples encircled in a square or circle with a larger 
radius could also work; however, such regions of interest (ROIs) will 
negatively impact both the number of patterns needed for measurement 
and the convergence of the method by introducing more low-frequency 
information.

The final reason is supported by recent advances in defining the best 

Fig. 3. Defocusing simulation in SPM. In panels (a) and (b) a digitally simulated Siemens star test and its corresponding Hadamard transform are shown, respec
tively. The evolution ratio of the frequency sum over the encircled areas in (b) with respect to the DF=0 ideal position is shown in panel (c), the purple inset shows 
the recovered imaged using focused patterns with and induced phase of 2.5 diopters.
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sampling strategies for Hadamard-based single-pixel imaging reported 
by Yan Cai et al. [22]. It is demonstrated by the authors that dropping 
challenging high frequency measurements, and using certain low and 
intermediate frequency components, determined by and exponential 
probability function, has better performance that using the full tradi
tional Walsh-Hadamard approach [22], even in a compressive sampling 
situation where the final recovered image only use a certain percentage 
of the total available data.

Taking the previous facts into account, we implement the merit 
function described by Eq. (3), which represents the inverse of the sum of 
the absolute value (ABS) of the Hadamard spectrum components 

H
(

fx, fy
)

of the sample, over the ROI defined as 

1
4fmax(x) ≤

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

fx −
(

1
4fmax(x)

))2
+

(

fy −
(

1
4fmax(y)

))2
2

√

, at defined defo

cus value DF, as a merit function to determine the best focus position of a 
SPM image. 

M
(

fx, fy

)

DF
=

1
∑

ROIABS
(

H
(

fx, fy

)) . (3) 

Finding the best defocus correction for an imaged sample implies 
determining the minima value for Eq. (3). The proposed method utilizes 
the well-known gradient descent algorithm to iteratively minimize the 

value of M
(

fx, fy

)

DF 
by changing the user-controlled phase in the system, 

in our case using the fine-tuning correction of an adaptive optics element 
conjugated with the aperture plane. The defocus variations are evalu
ated in the following way: 

DFn+1 = DFn − α
∂M

(
fx, fy

)

DFn

∂DFn
. (4) 

DFn being the defocus introduced in the iteration n, α the tuning 
parameter for the iteration process, which is chosen to be 0.1, and DFn+1 
the defocus value computed for the iteration n + 1. A detailed relation 
between the tuning parameter and the method convergence can be 
found in [25], choosing a value under 0.1 will ensure an softer 
convergence but will be not related with significant improvement of the 
reached convergence point.

The experimental setup used to validate the defocus correction in 
SPM is shown in Fig. 4. The SPM setup configures a telecentric imaging 
system between the microscope objective MO and the tube lens TL. An 
additional 4F system, L1 and L2, is placed to have direct access to the 
microscope aperture plane, which is directly conjugated with the im
aging system pupil. The DMD is conjugated with both the object plane 
and the field diagram. The incident light over the DMD is reflected and 
passes through the system until reaching the sample plane, where a 
demagnified image of the DMD is projected over the sample. Unlike 
previously proposed alternatives to correct defocusing in SPM, in this 
implementation, we introduce a deformable lens at the aperture plane of 
the optical system to directly compensate any defocus aberration by a 
user-defined phase with the functional form previously described in Eq. 

(2). Finally, the light reflected by the sample is collected by a beam 
splitter denoted as BS and condensed by a MO into a bucket detector as 
seen in Fig. 4.

A 50 £ infinity-corrected microscope objective alongside a white 
light source, and a V-7001 DMD are employed in the experimental setup. 
Taking advantage of the telecentric configuration, an Optotune ETL- 
12–30 Focus tunable lens (FTL) is placed in the aperture plane of the 
system as seen in Fig. 4. In the configuration, the user-defined phase 
value introduced by the FTL is directly added to the pupil of the system 
to compensate for the defocus aberration with a limit range from − 83 to 
52 μm. The gradient descent minimization routine is computed over the 
defined merit function, and the partial derivative of the function, 

∂M
(

fx, fy

)

DF
∂DF

≅
M
(

fx, fy

)

DF− ΔDF
− M

(
fx, fy

)

DF+ΔDF

2ΔDF
. (5) 

with ΔDF equal to 3 times the minimum resolution allowed by the FTL. 
In our case this value corresponds to 0.018 diopters. A stop routine is 
added to the method in order to finish the iterative process when the 
computed derivative reaches a value lower than a user-defined one, 
which in our case equals to 0.1 to ensures a good focal point, meaning 
that a change of 0.036 diopters represents a minimal change of the 
chosen merit function. In Fig. 5 panel (a) a schematic description of the 
process is illustrated, to establish a comparison with the previous re
ported axial scanning approach proposed in [21], in Fig. 5 panel (b) the 
a schematic of an autofocus Hadamard SPM using axial scanning 
approach is shown. Which will be used later to compare the effectiveness 
of the proposed method vs the previous reported solutions.

3.1. Experimental results

The proposed method was validated by imaging a high-resolution 
USAF test target. The defocus was experimentally induced by locating 
the sample at different positions along the focusing axis to introduce a 
controlled defocus value as is described in Eq. (1), which is meant to be 
corrected with the presented gradient descent method and the previous 
referenced FTL. A ROI of the Hadamard basis of 128 × 128 pixels is 
loaded onto the DMD and projected over the sample using the presented 
setup in Fig. 4. The sample was located at different axial positions to 
introduce different defocused values to be corrected, ranging from 
− 10.2 µm to 7.6 µm. A descriptive reference of the method performance 

is shown in Fig. 6 panel (a), by plotting the derivative value ∂M(fx ,fy)DF
∂DF as a 

function of the iteration number for each different initial axial position. 
Regarding this panel the fluctuation in the derivative is common in the 
implementation of gradient descent based algorithms [26]. Different 
variations of the algorithm could be applied with the aim of a smooth 
conversion, probably jeopardizing the conversion time.

The method required an average of 9 iterations to find the conver
gence minimum. Once the convergence point is reached the full image 
spectrum of the sample is acquired. The comparison between the image 
obtained with our SPM before and after applying the focusing method is 
shown in panels (b) and (c) for the sample displaced +4.4 µm and in 

Fig. 4. Experimental setup of the afocal telecentric single-pixel microscope with a tunable lens as optical adaptive element.
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panels (d) and (e) for a displacement of − 8.6 µm. For both images the 
well know similarity score as it is implemented in [27] was computed 
respect the in focus image, reaching values of 0.95 and 0.94 respectively, 
showing a an high similarity index which validates performance of the 
proposed method. The focusing improvement profiles the proposed 
method as a novel and suitable solution for fast Hadamard-based SPM 
systems, minimizing the need of conducting successive image recon
struction, axial scanning iterations or a mechanical displacement for the 
focusing of the sample.

The quality of both recovered images after the method seems to not 
exhibit signs of perturbation. In our case the resolution power of the 
microscope is given by its numerical aperture, with a value of 0.5 for the 
implemented microscope objective. Despite its great performance, the 
use of certain FTL can lead to the introduction of other aberrations like 
hydrostatically induced coma aberrations [28]. The asymmetry of the 
convergence for the same defocus distance is due to a diopter offset of 
the FTL. This offset was observed to be +0.52 dpt in our case. However, 
these kinds of problems are well known and can be avoided by the 
correct placement of the FTL or by the implementation of off-the-shelf 
gravitational compensated tunable lenses with symmetrical working 
ranges in terms of the available dpt. Also, the use of a reduced illumi
nation spot minimizes the peripheral aberration effects and defines an 
isoplanatic illumination zone over the FTL. Also, the use of a reduced 
illumination spot minimizes the peripheral aberration effects and de
fines an isoplanatic illumination zone over the FTL.

3.2. Time performance and method constraints

Finally, a time performance and range of application study of the 
proposed method vs the previous axial scanning process was conducted. 
In terms of time, each iteration of the proposed method takes around 
0.97 s. Table 1 encompasses all the steps required for applying the 
proposed method vs the axial scanning search for the best focal point. In 
order to apply the axial scanning process a stack of 120 points was taken 
following the experimental procedures previously reported for Fourier 
SPM [21].

There are two main accumulative time tasks in both axial scanning 
and the presented gradient descent method. The first one corresponds to 
the response time of the FTL, which is around 0.025 s per iteration and 
corresponds to the sum of the response time of the lens, with a mean 
time of 0.02 s, and the communication time between the FTL and the 

Fig. 5. Flow diagram illustrating both the proposed method (a) and the axial scanning method (b). In panel (a), after the system setup, the selected Hadamard 
spectrum region of interest (ROI) is projected. The gradient descent method is then applied, and the stop condition is checked. If the stop condition is met, the routine 
ends. In panel (b), the flow diagram for axial scanning is illustrated. The projection of the ROI and the computation of the merit function must be performed across 
the entire available axial range. After the measurement process, a fitting function is applied to determine the optimal focal point.

Fig. 6. Method performance by imaging an USAF test target. In panel (a) the evolution of the method, in terms of the value of the derivative vs the iteration number 
for different defocused values ranging from − 10.2 µm to 7.6 µm is shown. The SPM images before (panels (b) and (d)) and after (panels (c) and (e)) applying the 
defocusing correction method are shown respectively. All the scalebars correspond to 10 μm.

Table 1 
Time performance of the proposed method vs Axial Scanning.

Proposed Method Axial Scan

Projection Time 0.11 s / iter 0.11 s / iter
Measurements 9 120
Data Transfer Time 0.45 s / iter 0.45 s / iter
Data Processing Time 0.005 s / iter 0.07 s
Lens Communication Time 0.025s / iter 0.025 s / iter
Total 8.77 s 114.22 s
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computer with a mean time of 0.005 s. In particular, the lens response 
time limits the autofocusing for axial scanning procedures, where 0.025 
s should be taking into account for each iteration, having 3 s expended 
just in the lens communication time. The second one corresponds to the 
data transfer between the data acquisition device and the computer. In 
our case a National Instruments NI cDAQ-9171 was employed to 
perform the data acquisition process, which represents the main bottle 
neck in any of the autofocusing proposed methods. Since the measured 
value of each iteration must be stored somewhere the data management 
is the most time-consuming task. Both axial scanning and the proposed 
method could be optimized by embedding the acquisition routine 
through specialized software and hardware. However, the computa
tional cost of computing the derivative is minimal compared to finding 
the maximum of the axial scanning. This implies that the improvement 
of the proposed method against the axial scanning process lies in the 
improvement of the number of required iterations, which is 13 times 
faster of those required in an axial scanning autofocusing process.

Finally, the method was tested for a defocus of 30 μm, as shown in 
Fig. 7. The recovered image after applying the method demonstrates the 
feasibility of the proposed approach as a suitable alternative for 
addressing the defocusing problem in HSPM, even when the original 
information does not exhibit sample-related details.

4. Conclusions

In this work a method for correcting the defocusing in Hadamard- 
based single-pixel microscopy (SPM) was presented. A FTL located in 
the aperture plane of the microscopic setup was used to compensate the 
sample defocus. The Hadamard spectrum was numerically evaluated, 
supported by existent literature, to determine the region with more in
formation about the focusing of the sample. The variation of the value of 
the Hadamard coefficients in the chosen region was evaluated by the 
computation of a gradient descent algorithm over a merit function. The 
difference between the previously reported low-frequency descriptors 
and the descriptor used in the proposed method is described. The 
descriptor function was minimized to determine the best phase 
compensation retrieving the sample in focus without reconstructing the 
image. A novel low computational and low time-consuming alternative 
to the defocusing for Hadamard-based SPM problem was shown. Unlike 
previous works on SPM, it was shown that the intermediate frequency 
Hadamard spectrum represents a good estimator for defocus aberration 
correction. The use of gradient descent along with the direct access to 
the Hadamard frequency information to correct aberrations in SPM was 
shown for the first time. The proposed method was implemented 
requiring a mean of 9 iterations in a region utilizing 5 % of the Hada
mard basis to correct the defocusing of the sample for SPM. Multiple 
validations introducing a controlled defocus value were presented, the 
rapid convergence of the method profiles the proposed solution as a 
suitable alternative for correcting the defocusing in Hadamard based 
SPM. Future developments will explore additional interest areas of 
single pixel microscopy, such as random based ghost imaging, for 
assessment of their robustness in various noise conditions and rela
tionship to alternative frequency descriptors
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