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Abstract: Holographic imaging captures an interference pattern, effectively encoding an object‘s
properties such as size, shape and refractive index in the hologram. Lens-free holographic
imaging offers a scalable solution with large field of view to analyze microparticles or cells
in high-throughput biological imaging applications. We studied characterization of single
particles based on their holographic fingerprint using multi-wavelength illumination based
lens-free holography. Deciphering this information directly in the hologram domain with our
multi-wavelength approach allows for reliable estimation of object refractive index along with
its size without ambiguity. This work provides a path forward for lens-free imaging-based
microparticle characterization that can prove useful in biological studies such as cell analysis and
characterization.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Light scattering by micro- and nanoparticles has been a widely studied topic in various research
fields including biomedical research and engineering [1–3]. In micro-fluidics and cytometry
applications, for example, such particles serve as probes for tracking biological processes or
as a model for analyzing biological objects [4,5]. Often, this requires accurate tracking and
characterization of the single particles using optical methods.

Lens-based holographic microscopy approaches have been demonstrated to accurately estimate
the size, position, and refractive index of single particles [6–9]. Lee et al. reported that the
holographic images of particles can be analyzed with an inverse problem approach based on light
scattering theory to achieve high accuracy estimations of particle size and refractive index from
the recorded holograms [6,7]. Ruffner et al. demonstrated that the accuracy of the refractive index
estimation can be improved in a wide refractive index range through multi-color illumination
[9]. Despite the promising results, lens-based approaches suffer from the drawback of including
one or more bulky optical components for beam forming and imaging, significantly reducing the
imaging field of view (FOV) and consequently analysis throughput.

In-line lens-free imaging (LFI) has become a powerful tool for imaging microscopic objects
in a high-throughput fashion [10]. As opposed to lens-based systems, LFI systems capture the
interference between the unperturbed planar incident field and the field scattered by the object,
without the help of objective lenses or other optical components [11–14]. Typically, the resulting
interference pattern, as captured by an image sensor, is subject to numerical reconstruction
methods to estimate the object’s transmittance [15,16] or phase-shifting properties [16,17].

In the regime of planar incident field, the unit magnification offered by LFI is favorable for
imaging over a large FOV, typically an order of magnitude larger than lens-based microscopes,
while favorable optical resolution can be obtained. This has been exploited for imaging tissues,
cell cultures, stem cells or organoids and organisms such as C.elegans [14,15,18–21]. Despite
its promise in imaging, estimating the optical properties of the micro-objects such as isolated
cells, bacteria or synthetic particles such as microplastics still remains a challenge in LFI systems
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[16,22,23]. The limitations of the hologram recording device (image sensors) such as pixel
size, noise, and angular sensitivity, but also practical limitations such as distance between object
and sensor, restrict the information encoded in the recorded hologram. This leads to loss of
information and ambiguity about the properties of the particle.

Furthermore, solving the microparticle characterization problem as a function of refractive
index, results in a series of near-degenerate solutions that may lead to inaccurate estimations of the
refractive index. In this study, we investigate the feasibility of LFI-based particle characterization
and its limitations. Lens-free quantitative phase imaging can be applied to imaging flat objects
such as certain cells or thin-film structures, but is not suitable for micron-sized particles. Their
size, only a few pixels per particle, severely limits retrieving particle information, and requires
magnified images through e.g. lens-based holography, reducing imaging throughput [6]. Although
in some cases, size information can be obtained through pixel super resolution techniques [20,24],
obtaining refractive index information additionally requires accurate phase retrieval from intensity
images [11,25–27]. Although many phase retrieval and pixel super resolution techniques exist, it
complicates image acquisition considerably and introduces additional computational burden.

To tackle the aforementioned challenges, we approach the problem from a different perspective
compared to the conventional LFI reconstruction approaches. The aim is to infer object
information directly from the holograms while exploiting the wavelength-dependent character of
the interference pattern [9,25].

The recorded hologram encodes object information such as its refractive index through
a physical model of light scattering and is evaluated with respect to a library of calculated
holograms: I(x, y, z, λ) → np [28]. As opposed to representing spherical particles as an opaque,
diffracting disc [9,23], and using methods such as angular spectrum model to reconstruct
particle properties, we analyze the dependence of light scattering patterns, and consequently,
holograms on the particle properties and wavelength for object characterization or differentiation
I(x, y, z, λ) → [︁

a(x, y, z, λ), φ(x, y, z, λ)]︁ . This allows us to evaluate the uniqueness of the
holographic fingerprint for particles and the feasibility of LFI-based particle characterization.
We also discuss the effects of the practical limitations such as unit magnification, pixel size,
digitization and noise sensitivity on the performance of the estimation. High-throughput
quantitative micro-particle analysis offered by our method can impact various applications such
as cell viability assay [29], or characterization of biological microparticles with LFI [4,5,22,30].

2. Theory

The theoretical framework considers a monochromatic light field interacting with a spherical
particle in free space, as schematically shown in Fig. 1. In LFI, the image sensor captures the
superposition of the unperturbed incident field and the scattered field generated by the particle.
Therefore, at any position z, the hologram intensity is given as a function of incident and scattered
electric fields, ER and Esca respectively [6,16,23,31]:

IH = |ER + Esca |2 (1)

Theoretical analysis of the hologram as a function of object properties, such as size, or
refractive index, similarly requires a description of the scattered field in terms of these properties.
For spherical particles, small with respect to the wavelength of the incident field, this is described
using Rayleigh theory [1]. In view of applications such as differentiation or characterization of
micron-sized bio-labels, in this work, we consider particles outside of Rayleigh regime. Typical
cell sizes are on the order of a few micrometer or larger and are therefore better described
by Lorenz-Mie scattering theory (LMST), first reported in 1908 [32]. While studies of light
scattering by other shapes [33,34] could better describe the light scattering behaviour of cells
with irregular shapes, here we limit the study to spherical particles. The electric field at a distance
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z from a spherical object, recorded at a scattering angle θ in the far-field limit, and as a function
of the incident field ER is given by [2,3,35]:

Esca = − i
kz

ERexp[i(ωt − kz)]S(θ) (2)

In this equation, k = 2π/λ is the wavenumber and ω the angular frequency of the electric
field of the incident plane wave. To determine the scattered light electric field amplitude, the
function S(θ) can take two forms S1 and S2 for incident field polarization perpendicular to, or in
plane with the scattered plane [36–39]. The solution involves calculating a series expansion of
Riccati-Bessel functions which are highly dependent on particle properties such as radius ap,
medium and particle refractive indices [nm, np] and incident field’s wavelength λ [39–42].

Fig. 1. Schematic representation of a monochromatic electromagnetic field interacting
with a spherical particle in free-space. The incident and scattered field are indicated
using arrows.
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Fig. 1. Schematic representation of a monochromatic electromagnetic field interacting with
a spherical particle in free-space. The incident and scattered field are indicated using arrows.

Since a hologram consists of the superposition of reference and scattered fields, first an analysis
of the scattered field as a function of object properties is performed. Theoretical calculations
for the scattered intensity, relative to the incident field intensity and as a function of object
parameters can be obtained through:

Isca = IR
λ2 |S(θ)|2

4π2z2 (3)

with |S(θ)|2 = 1
2 [|S1(θ)|2 + |S2(θ)|2] in the case of unpolarized incident light [1–3,35]. That

way, the scattering intensity in the forward direction (θ = 0◦), with respect to the incident field,
can be calculated as a function of e.g. the particle refractive index. These calculations were
performed using PyMieScatt [43]. The results are summarized in Fig. 2 for three different
illumination wavelengths. Figure 2(a) shows the angular scattered intensity for a selection of
refractive indices, calculated for a sphere with diameter of 4.5 µm and incident field wavelength
of 640 nm. Figure 2(b) shows the scattered intensity according to Eq. (3), evaluated at θ = 0◦
and a distance z = 600 µm from the sphere for three different illumination wavelengths.

These results highlight the specific interaction of light with spherical particles as function of
their refractive index and the system’s illumination wavelength. The graph in Fig. 2(b) shows an
oscillating pattern as a function of refractive index at a single illumination wavelength, possibly
resulting in a degeneracy in the characterization problem. Particles with different refractive index,
show similar scattered intensity in the forward direction. Intensity measurements at a single
illumination wavelength are hence not a sufficient parameter to differentiate particles. However,
the detected intensity values at different wavelengths can be used to break the degeneracy as the I
vs. n relation at different wavelengths shows slightly different patterns. Lifting this degeneracy
using holographic imaging as function of refractive index was reported by Ruffner et al. [9]. They
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a) b) Scattered intensity ratio in forward direction

Fig. 2. Theoretical scattering calculations. a) Angular scattering profile as a function
of particle refractive index obtained for 𝜆 = 640 𝑛𝑚. b) Scattered intensity evaluated at
𝜃 = 0◦, as a function of refractive index for three incident field wavelengths.
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Fig. 2. Theoretical scattering calculations. a) Angular scattering profile as a function of
particle refractive index obtained for λ = 640 nm. b) Scattered intensity evaluated at θ = 0◦,
as a function of refractive index for three incident field wavelengths.

conclude that robust and accurate particle refractive index characterization requires multi-color
holographic imaging. While they demonstrate their solution for lens-based holography, we
analyze the potential of multi-wavelength (MWL) LFI as a solution for compact, cost-effective
and high-throughput particle characterization and furthermore we study the additional challenges
LFI faces, compared to lens-based systems.

3. Methods

Although initial insights can be generated from the theoretical analysis of particle scattering in
section 2, it is important to understand how the hologram encodes the particle refractive index
information in the interference pattern in LFI. Therefore, developing a method to evaluate the
uniqueness of LFI holograms as a function of object and imaging system properties is required.

3.1. LFI simulations for scattering particles

Holograms were simulated from the scattered field for spherical particles, calculated using Holopy
[31]. This allows to simulate a series of holograms as a function of LFI system parameters such
as illumination wavelength, particle refractive index, image sensor properties at realistic LFI
particle-to-sensor distances. The simulator is schematically summarized in Fig. 3(a).

Symbol Parameter Value

Particle
𝑎p Particle radius 2.25 𝜇𝑚

𝑛p Particle refractive index 𝑛p ∈ [1.15, 2.00]
𝑧 Object-to-sensor distance 600 𝜇𝑚

System
𝑛m Medium refractive index 1.00 (Free space)
𝜆m Illumination wavelength in medium 450 − 520 − 640 𝑛𝑚

Δ𝑥,Δ𝑦 Pixel size 1.12 𝜇𝑚

𝑁𝑥 , 𝑁𝑦 Number of pixels 2000

Table 1. Scattering particle and LFI system simulation parameters
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Fig. 3. a) LFI simulator configuration. The captured hologram is defined as the
superposition of reference and scattered field. b) Flow for the inverse problem for
LFI-based particle characterization.

3.2. LFI-based object characterization154

To estimate the particle refractive index directly from the hologram, we employed a method155

based on maximum similarity to a simulated hologram. As a first step, a template hologram156

was selected for which all particle properties are known. This hologram is then analyzed in157

comparison with a library of simulated holograms for particles with different material properties.158

Estimating the particle refractive index can be obtained through minimizing the error function in159

the following way:160

𝑆(𝑛p) = 1
𝑁

𝑁∑︁
𝑖=1

𝑧2
𝑖 with 𝑧𝑖 = [𝐼templ (𝑛p) − 𝐼test (𝑛p)] (4)

𝐼templ and 𝐼test are the template and test hologram intensity images with 𝑁 the number of pixels161

in each hologram, or region of interest (ROI) to be compared. To limit the computational burden,162

a smaller ROI was selected from the template hologram, containing hologram fringes with163

sufficient visibility. The corresponding ROIs are calculated in the library of simulated holograms164

using template matching. Finally, for each combination of template and test ROI, the sum of165

squares is calculated according to Eq. (4). Evaluation of the similarity between experimental and166

theoretically calculated hologram ROIs is shown schematically in Figure 3 b) where the mean167

squared error (MSE) is used as a quantitative metric.168

4. Results & Discussion169

We emphasize on evaluating the sensitivity of LFI holograms to particle refractive index. A library170

of 86 holograms was generated for spherical particles with refractive indices varying between171

Fig. 3. a) LFI simulator configuration. The captured hologram is defined as the superposition
of reference and scattered field. b) Flow for the inverse problem for LFI-based particle
characterization.

In our analysis, we focused on analyzing the effect of refractive index on the calculated
hologram, while other object and system parameters were fixed. Under specific conditions,
particle properties such as size and shape can be obtained from reconstructed particle images or
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holograms as they are dimensional quantities, whereas refractive index information is not trivial
to obtain from either hologram or reconstructed image. The simulation parameters were chosen
to accurately represent a realistic LFI system [15] and are summarized in Table 1. For each
particle, the resulting holograms show a pattern of concentric high- and low-intensity fringes.
We address scattering calculations for spherical particles with a real refractive index and limited
dispersion. This approximation is justified to optically model e.g. biological cells and other very
weakly absorbing particles or bio-labels [4,5,44].

Table 1. Scattering particle and LFI system simulation parameters

Symbol Parameter Value

Particle
ap Particle radius 2.25 µm

np Particle refractive index np ∈ [1.15, 2.00]
z Object-to-sensor distance 600 µm

System

nm Medium refractive index 1.00 (Free space)

λm Illumination wavelength in medium 450 − 520 − 640 nm

∆x,∆y Pixel size 1.12 µm

Nx, Ny Number of pixels 2000

3.2. LFI-based object characterization

To estimate the particle refractive index directly from the hologram, we employed a method
based on maximum similarity to a simulated hologram. As a first step, a template hologram
was selected for which all particle properties are known. This hologram is then analyzed in
comparison with a library of simulated holograms for particles with different material properties.
Estimating the particle refractive index can be obtained through minimizing the error function in
the following way:

S(np) = 1
N

N∑︂
i=1

z2
i with zi = [Itempl(np) − Itest(np)] (4)

Itempl and Itest are the template and test hologram intensity images with N the number of pixels
in each hologram, or region of interest (ROI) to be compared. To limit the computational burden,
a smaller ROI was selected from the template hologram, containing hologram fringes with
sufficient visibility. The corresponding ROIs are calculated in the library of simulated holograms
using template matching. Finally, for each combination of template and test ROI, the sum of
squares is calculated according to Eq. (4). Evaluation of the similarity between experimental
and theoretically calculated hologram ROIs is shown schematically in Fig. 3(b) where the mean
squared error (MSE) is used as a quantitative metric.

4. Results and discussion

We emphasize on evaluating the sensitivity of LFI holograms to particle refractive index. A library
of 86 holograms was generated for spherical particles with refractive indices varying between
n = 1.15 and n = 2.0, while keeping all other particle and surrounding medium properties fixed.
The holograms are simulated in an in-line lens-free holography configuration, where the particle
is positioned directly between light source and image sensor as shown in Fig. 3(a). The results
discussed in this paper consider a spherical particle according to the properties summarized in
Table 1.
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4.1. Sensitivity of holograms to object refractive index

We start our analysis from the assumption that each of the simulated holograms uniquely
represents a single particle with its specific refractive index. An initial observation can be
obtained through visual inspection of the holograms. As can be seen in Fig. 4(a) each hologram
consists of a pattern of concentric high- and low-intensity fringes with a very similar pattern. The
graph in Fig. 4(b) shows cross-sections, taken radially outwards from the center for each of the
holograms in Fig. 4(a). Despite the hologram patterns varying slightly for different RI, the high-
and low-intensity positions overlap very closely. This selection of holograms is calculated for
different refractive indices, at λ = 640 nm. The full library of holograms as function of refractive
index is available in Visualization 1.
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Fig. 4. a) Lens-free holograms as function of refractive index. Full set available in
Visualization 1 b) Cross-section radially outwards from center of the holograms in a).
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A more thorough analysis of the holograms is provided through minimizing the error function as187

discussed in section 3.2. We consider a particle with refractive index ratio 𝑛 = 1.58 relative to188

the surrounding medium as our template and compare its hologram with each hologram in our189

library. Before calculating the error as function of refractive index in Eq. (4), the intensities are190
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refer to hologram and background, respectively. The background intensity is captured without a192

sample in the optical path between light source and sensor. In practice, this step corrects possible193

non-uniform illumination across the imaging FOV and prevents reducing the accuracy of the194

analysis. Next, for each hologram in the library, the error function is calculated and the refractive195

index of the hologram with highest similarity is automatically ascribed to our template particle.196

The graph in Figure 5 shows the resulting error as a function of refractive index. The green dot197

indicates the correct refractive index is obtained, however, an oscillating pattern is observed198

for the MSE. This implies that holograms, for different particle refractive indices, have a high199

similarity with the template particle hologram and introduces a possible source of ambiguity in200

an automated particle characterization procedure based on lens-free holograms.201

4.2. Multi-wavelength LFI and differential image analysis202

A similar analysis was performed for different incident field wavelengths and the resulting203

error functions are plotted in Figure 6. Figures 6 a-c) show that the MSE estimation for single204

wavelength illumination shows multiple local minima with similar MSE values. This leads to205

Fig. 4. a) Lens-free holograms as function of refractive index. Full set available in
Visualization 1 b) Cross-section radially outwards from center of the holograms in a).

A more thorough analysis of the holograms is provided through minimizing the error function
as discussed in section 3.2. We consider a particle with refractive index ratio n = 1.58 relative to
the surrounding medium as our template and compare its hologram with each hologram in our
library. Before calculating the error as function of refractive index in Eq. (4), the intensities are
normalized with the background intensity, such that Itempl = IH/IB where subscripts H and B
refer to hologram and background, respectively. The background intensity is captured without a
sample in the optical path between light source and sensor. In practice, this step corrects possible
non-uniform illumination across the imaging FOV and prevents reducing the accuracy of the
analysis. Next, for each hologram in the library, the error function is calculated and the refractive
index of the hologram with highest similarity is automatically ascribed to our template particle.
The graph in Fig. 5 shows the resulting error as a function of refractive index. The green dot
indicates the correct refractive index is obtained, however, an oscillating pattern is observed
for the MSE. This implies that holograms, for different particle refractive indices, have a high
similarity with the template particle hologram and introduces a possible source of ambiguity in
an automated particle characterization procedure based on lens-free holograms.

4.2. Multi-wavelength LFI and differential image analysis

A similar analysis was performed for different incident field wavelengths and the resulting
error functions are plotted in Fig. 6. Figures 6(a-c) show that the MSE estimation for single
wavelength illumination shows multiple local minima with similar MSE values. This leads to
multiple erroneous refractive index estimations in the presence of noise and other system-related
non-idealities. Although these near-degeneracies persist for different illumination wavelengths,
the period of these oscillations varies for the different wavelengths as is apparent from the graph
in Fig. 6(d). It is suggested that phase delay due to particle refractive index could explain this
phenomenon for large particles [9]. Nevertheless, this wavelength-dependence implies that using
wavelength diversity can eliminate the ambiguity for low dispersion materials. Based on these

https://doi.org/10.6084/m9.figshare.24871368
https://doi.org/10.6084/m9.figshare.24871368
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Fig. 5. Mean squared error results for a polystyrene particle. The refractive index
was successfully determined. At other refractive indices, highly similar holograms are
acquired as shown on the right, possibly introducing ambiguity in the obtained results.
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Fig. 6. Lens-free holographic object characterization for a template particle with
refractive index 𝑛 = 1.58. a-c) For each wavelength the correct result is obtained.
Red circles indicate particle refractive indices for highly similar holograms. d) The
refractive index period Δ𝑛 of oscillations in MSE analysis depends on wavelength.

multiple erroneous refractive index estimations in the presence of noise and other system-related206

non-idealities. Although these near-degeneracies persist for different illumination wavelengths,207

the period of these oscillations varies for the different wavelengths as is apparent from the graph208

in Figure 6 d). It is suggested that phase delay due to particle refractive index could explain this209

Fig. 5. Mean squared error results for a polystyrene particle. The refractive index was
successfully determined. At other refractive indices, highly similar holograms are acquired
as shown on the right, possibly introducing ambiguity in the obtained results.

findings, we applied a slightly modified approach to estimation of particle refractive index from
Eq. (4) to evaluate the potential of LFI-based particle characterization. To be able to visually
appreciate the effect of wavelength, differential images obtained from holograms acquired at a
selection of illumination wavelengths are shown in Fig. 7. A differential image in this analysis, is
the result from subtracting two holograms, acquired at different incident field wavelengths.

The inputs of multi-wavelength based lens-free holographic object characterization are shown
in Fig. 7. Figures 7(a-c) show highly similar holograms simulated for λ = 640 nm incident
field wavelength but different refractive indices, as highlighted in Fig. 5. The middle hologram
corresponds with the template particle, while the holograms left and right originate from particles
with refractive indices indicated in red circles in Fig. 6(c). Figures 7(d-l) show differential
holograms [Ia − Ib] for the corresponding refractive indices. The subscripts a and b represent
one of the following illumination wavelengths: B = 450 nm or G = 520 nm or R = 640 nm.
Visual inspection of the differential holograms already reveals a more pronounced difference as a
function of refractive index as compared to the holograms in Fig. 7(a-c). The raw image data is
centered around 1 with values in the range [0, 2[, resulting in values in the range [−2, 2[ for the
differential images. These values are scaled for visual inspection.

To quantify this visual observation, for each combination of incident field wavelengths,
differential images are used for calculating the error function. The results of multi-wavelength
LFI analysis are summarized in Fig. 8, where a single solution is obtained at the template
refractive index. This allows to conclude that multiple illumination wavelengths are required for
reliable LFI-based object characterization, especially when a wide range of refractive indices
must be analyzed. As a consequence, to ensure cost-effective LFI-based particle characterization,
three illumination wavelengths are suggested.

The MSE minima, corresponding to near-degenerate solutions, seem to occur at a regular
interval ∆n with respect to the template refractive index. This ∆n, however, is different for
each incident field wavelength, which is the basis for lifting the degeneracy of holograms for
different particle refractive indices. To fully confirm the potential of LFI as a tool for scattering
object characterization through analysis of their holograms, more realistic LFI scenarios must be
evaluated next. While in theory, lens-free imaging offers the flexibility to include any number
of illumination wavelengths, in practice this is limited by the availability of laser diodes with
specific wavelengths.
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Fig. 6. Lens-free holographic object characterization for a template particle with
refractive index 𝑛 = 1.58. a-c) For each wavelength the correct result is obtained.
Red circles indicate particle refractive indices for highly similar holograms. d) The
refractive index period Δ𝑛 of oscillations in MSE analysis depends on wavelength.
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Fig. 6. Lens-free holographic object characterization for a template particle with refractive
index n = 1.58. a-c) For each wavelength the correct result is obtained. Red circles indicate
particle refractive indices for highly similar holograms. d) The refractive index period ∆n of
oscillations in MSE analysis depends on wavelength.

4.3. Sensitivity to system non-idealities

The results in the previous sections discuss only noise-free simulated holograms. This is a
significant underestimation of the challenges that come with LFI-based particle characterization.
To understand the limitations, while in the meanwhile examining the full potential of LFI as a
microparticle characterization technique, the effect of image sensor noise and digitization must
be included in the image analysis. The effect of noise was analyzed by adding different levels
of Gaussian noise to the simulated holograms. For holographic imaging-based microparticle
characterization, typically 5% can be added to get a good estimate of the realistic behavior [45].
In this work we analyzed following four levels of Gaussian noise: 1% − 3% − 5% − 10%. Also,
the simulated holograms were digitized according to existing and (commercially) available image
sensor specifications. The results discussed in this work consider existing LFI systems [15]
using an image sensor with 1.12µm pixel size and 8-bit digitization. Although other system
imperfections and limitations exist, we believe image sensor noise and digitization require our
specific attention from the design point of view.

Figure 9 shows a comparison between a noise-free hologram and a digitized hologram with 5%
Gaussian noise added. Under each hologram, a horizontal cross-section is shown which allows to
discern the effect of both digitization and added noise to the hologram. Due to noise added to the
images, we anticipate an increase in erroneous particle characterization. Similar to the analysis
and results shown previously, for each level of noise a template hologram was generated and
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Fig. 7. Inputs for multi-wavelength differential image analysis. a-c) Holograms simulated
using 640nm light for particles with refractive indices as indicated. Each row, then shows
the resulting differential images for combinations of incident field wavelengths (B = 450nm
- G = 520nm - R = 640nm)
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compared with a library of holograms for spheres with varying refractive index. To account for the
statistical behaviour of noise, this analysis is repeated for 100 different combinations of template
and library holograms. From this analysis, a statistical average of successful characterizations
is obtained. The results are summarized in Fig. 10 for LFI analysis at a single illumination
wavelength and when using the information available at all wavelengths in a MWL LFI analysis.
The results shown are obtained for holograms with 5% Gaussian noise, digitized to 8-bit image
files. For a single illumination wavelength, we see the characterization results are again grouped
around certain refractive indices at a specific interval, corresponding to the minima in the MSE
calculations shown in Fig. 6.

Figure 9 shows a comparison between a noise-free hologram and a digitized hologram with 5%260

Gaussian noise added. Under each hologram, a horizontal cross-section is shown which allows to261

discern the effect of both digitization and added noise to the hologram. Due to noise added to the262
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files. For a single illumination wavelength, we see the characterization results are again grouped271

around certain refractive indices at a specific interval, corresponding to the minima in the MSE272

calculations shown in Figure 6.273

Fig. 9. Effect of 5% Gaussian noise on simulated hologram. Graphs show cross-section
radially outward from the center of the interference pattern.
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As a final confirmation, MWL hologram analysis was applied on the original 32-bit simulation275

data with different levels of noise. A higher possibility of erroneous particle characterization was276

observed as noise was increased. In Figure 11, we show how the amount of successful MWL-LFI277

particle characterization events decreases as function of increasing Gaussian noise. Using the278

MWL-LFI characterization, with 5% Gaussian noise, still 96.4% of the particle refractive indices279

was successfully characterized. With 10% noise in the system, characterization performance280

drops more significantly to 20.8%. Even though such high noise level may not be representative,281

it shows the effect of noise on LFI-based particle characterization. Analysis of experimentally282

captured holograms with the LFI system from [15], we can conclude that adding 5% noise is283

indeed sufficient to accurately represent realistic LFI experiments.284

285

Fig. 9. Effect of 5% Gaussian noise on simulated hologram. Graphs show cross-section
radially outward from the center of the interference pattern.

As a final confirmation, MWL hologram analysis was applied on the original 32-bit simulation
data with different levels of noise. A higher possibility of erroneous particle characterization was
observed as noise was increased. In Fig. 11, we show how the amount of successful MWL-LFI
particle characterization events decreases as function of increasing Gaussian noise. Using the
MWL-LFI characterization, with 5% Gaussian noise, still 96.4% of the particle refractive indices
was successfully characterized. With 10% noise in the system, characterization performance
drops more significantly to 20.8%. Even though such high noise level may not be representative,
it shows the effect of noise on LFI-based particle characterization. Analysis of experimentally
captured holograms with the LFI system from [15], we can conclude that adding 5% noise is
indeed sufficient to accurately represent realistic LFI experiments.

4.4. Discussion

Additional practical attention points are worthwhile to mention for future experimental studies.
One such factor concerns non-optimal illumination across the field of view (FOV), which can
introduce errors in particle characterization. The resilience of LFI image reconstruction to non-
ideal illumination conditions was demonstrated by accounting for beam divergence and inclination,
as evidenced in a previous work [46].The negative effects of non-uniform illumination across
the imaging FOV can be overcome through flat-fielding [13,47] or implementing background
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Fig. 10. Analysis of noise on LFI-based particle characterization using 8-bit images.
Characterization of images acquired at one illumination wavelength was only successful in
limited cases. Multi-wavelength LFI-based particle characterization significantly increases
the success-rate to 96%, indicative of the potential of LFI-based particle characterization.
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increases the success-rate to 96%, indicative of the potential of LFI-based particle
characterization.
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Fig. 11. MWL-LFI based particle characterization performance as function of system
noise for 500 different template holograms. For 5% Gaussian noise, still 96.4% of the
holograms is matched successfully to the template particle refractive index.

Fig. 11. MWL-LFI based particle characterization performance as function of system noise
for 500 different template holograms. For 5% Gaussian noise, still 96.4% of the holograms
is matched successfully to the template particle refractive index.
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normalization [6,9,15]. Accounting for the measured spectral bandwidth of the light source can
also increase the accuracy of the template holograms [48]. To avoid the potential negative effects
of speckle noise, it is advisable to opt for partially coherent illumination sources, such as SLEDs
or laser diodes [49], or other alternative techniques [50]. Striking a balance between the degree
of illumination decoherence and fringe visibility is crucial, especially when considering factors
of sample density and the likelihood of overlapping hologram fringes from closely positioned
particles. Maintaining an optimal fringe visibility is essential to ensure a robust match with
template holograms, while simultaneously avoiding excessively long coherence length that
could lead to interference between different particle fringe patterns. In addressing the issue
of cross-interference among multiple particles in proximity, one potential solution involves
propagating the hologram to a shorter diffraction distance plane before running the analysis.
Although this approach helps avoiding overlapping fringe patterns in such cases, it comes at the
cost of increased computational burden.

Lastly, index dispersion emerges as a critical consideration. When particle holograms are
studied as a function of refractive index for a fixed illumination wavelength, a set of near-
degenerate solutions arises when calculating maximum likelihood with a template hologram.
Index dispersion introduces a shift of the location of these near-degenerate solutions at given
wavelength. Further investigations can focus on extending the analysis for particles with strong
index dispersion.

5. Conclusion

In this work, we have studied lens-free imaging based object characterization through direct
analysis of its holographic fingerprint. We have demonstrated that by adopting a multi-wavelength
illumination based approach, a unique solution can be obtained under realistic LFI system
conditions. LFI-based particle characterization is prone to error due to the imaging system’s
noise, especially at a single illumination wavelength. MWL-LFI offers a feasible approach to
overcome the degenerate solutions, even in realistic LFI system parameter space, including the
effect of digitization, image sensor noise and pixel sizes. While this work confirms that LFI
can be a suitable tool for in-line object characterization or differentiation, future studies can
elaborate on this work to include also the effect of index dispersion and particles of different
sizes or shapes.
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