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Abstract: Characterizing very small particles, from a few dozen micrometers to the nanometric scale, 

is a very challenging application in a wide range of domains. In this work, we demonstrate, through the 

recovery of silica and polystyrene bead properties (i.e. their size and refractive index) that Coherence 

Scanning Interferometry (CSI), in addition of being contactless, non-destructive, label-free and very 

well spatially resolved, is a very interesting and promising tool for such complex characterization. The 

CSI system is used as an imaging Fourier transform spectrometer meaning that the characterizations 

are achieved by analyzing the interference signal in the spectral domain. Some simulations of the 

proposed technique are presented and show that the accuracy of such characterization, in particular the 

measurement of the refractive index, are closely related to the signal to noise ratio. This observation is 

thereafter confirmed by the experimental results of beads buried within the depth of a transparent 

sample. Finally, the method is theoretically tested in the case of a scattering medium in which the 

quality of the signal is highly degraded. In this context, a geometrical approach enabling the simulation 

of an interference signal from a scattering layer is first proposed and then validated by means of 

comparison with experimental data. 

Keywords: Interference microscopy, Optical inspection, Fringe analysis, Optical properties, 

Spectroscopy, Fourier transforms.  

1. Introduction 

The precise characterization of very small-sized particles has become an important area of research over the last 

few years, its interest affecting many different domains. As an example, the medical and biological fields 

require this kind of characterization since the spectral and/or morphological analysis of single organic particles 

(cells) can be used for detecting various diseases such as cancer [1,2]. In other fields, such as materials and art, 

the possibility of obtaining the optical and morphological properties of individual structures buried within the 

depth of a transparent layer is also considerable as it enables the identification and classification of the different 

samples [3,4]. Consequently, many techniques have been directed towards this research theme with the same 

final purpose of aiming at rapidity and accuracy in the characterization. In the literature it can be seen that there 

is a very pronounced use of optical microscopy techniques because of their non-invasive nature, which is 

essential in the medical and biological fields. Among them, label-based techniques such as fluorescent 

microscopy allow the easy detection, differentiation and imaging of different kinds of particles depending on 



2 
 

either their fluorescence properties or their associated fluorophores [5,6]. In order to avoid the modification or 

distortion of the particles studied, unlabelled optical techniques have been brought to the forefront. The literature 

mainly reveals a strong use of near-field microscopy (SNOM) and hyperspectral microscopy techniques as well 

as those based on low coherence interferometry (LCI). In the case of near-field microscopy methods, the 

SNOM configuration allows the diffraction limit to be overcome and is associated with infrared spectroscopy 

systems. The ability of such setups to characterize very small structures has already been demonstrated. Indeed, 

this technique, known as IR-SNOM (or nano-FTIR) has been used for identifying the molecular fingerprints of 

an organic sample at a resolution of 20 nm [7] as well as for mapping and carrying out the structural analysis of 

individual proteins [8], nanoparticles and viruses [9]. Despite its excellent spatial resolution, IR-SNOM has 

some significant drawbacks. First, because of the very short working distance of the system (about one hundred 

nanometers), the measurements are limited to the sample surface, so that performing a depth-resolved study is 

impossible. In addition, the measurement being local, the characterization of a sample over large areas requires 

very long scanning times. Other methods, known as hyperspectral microscopy (association of hyperspectral 

imaging to microscopy techniques) have been developed for providing local spectral measurements and 

spectroscopic mapping at nanometric spatial resolutions. Two main configurations can be seen in the literature, 

respectively called hyperspectral darkfield microscopy [10] and hyperspectral reflected light microscopy [11]. 

Both of these systems work with the same principle and generally use either an imaging spectrometer or a 

tunable supercontinuum source together with a CCD camera for recording the hyperspectral data cube. Through 

the spectral measurements allowed by these systems, the detection and characterization of nanoparticles in 

complex waters have been demonstrated [12] provided they have a low enough density to be distinguished 

individually, each one having an image size of the Airy spot. This technique has also been widely used for 

biological purposes as it enables the spatial mapping and spectral characterization of gold and Au/Ag alloy 

nanoparticles targeting specific human cancer cells [11,13]. Compared to SNOM, hyperspectral microscopy 

enables imaging within the depth (at different Z planes) but still possesses some limitations. Indeed, this method 

does not provide the possibility of producing a spectral measurement resolved in the three directions of space, 

thus preventing any characterization of single particles located at a specific position along Z. Moreover, each 2D 

image (XY or Xλ image) at one given spectral band (or Y position) is obtained independently, leading to a 

sequential recording of the data as a function of either the wavelength or Y position. As such, at least one 

supplementary scanning step is necessary and as soon as the spectral band studied is wider or a very fine 

spectral resolution is desired, the acquisition time increases. To obtain quantitative information about particles 

buried within the depth of a transparent sample, recent work based on the association of LCI with Light 

Scattering Spectroscopy (LSS) has been carried out. Indeed, the technique of LSS is well-known and has 

already been used in a microscopy system for providing a wealth of information on particles through their 

elastic light-scattering properties [14]. This simple configuration not being resolved over the depth, the 

combination with interference microscopy made it possible to overcome this limitation, giving birth to an 
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original technique known as angle-resolved Low Coherence Interferometry (aLCI) [15]. This technique is 

intended for the determination of the size of scattering particles. To do so, the information provided by the 

scattered intensity as a function of the scattering angle is used. Then, the recovery of the particle size is obtained 

from the comparison between the experimental data and the results predicted by Mie theory [16]. As this 

technique enables the mapping of the angular scattering as a function of the optical path, the measurement 

performed is resolved over the depth [17]. However, because of the arrangement of the optical system and the 

processing applied to the signal, the measurement is no longer resolved laterally. It is therefore not possible to 

distinguish the spectral responses of the different particles in the case where various kinds of microspheres are 

located in the same image volume. Indeed, we can note in this work that the characterization of the 

microspheres is carried out through the analysis of homogeneous samples, i.e. containing a set of scatterers 

having identical properties (as regards the size and the type of material). This bibliographic study reveals how 

complicated it is to find a characterization technique being at the same time fast, accurate, 3D-resolved and 

allowing quantitative information to be obtained. We will show in this paper that coherence scanning 

interferometry used in its Fourier transform spectrometer (FTS) operating mode [18, 19], is a technique that 

fulfils nearly all of the previously mentioned criteria and that by using a specific processing of the interference 

signal, the optical and morphological characterizations of single particles are possible. Fig. 1 illustrates a typical 

signal measured from a spherical particle buried within a transparent sample. Its very poor signal-to-noise ratio 

(SNR) highlights how difficult the analysis can be. By working in the spectral domain rather than the spatial 

domain, the recovery of the particle properties can be achieved by only using data where the SNR is higher than 

a certain threshold. We will begin by presenting the spectral analysis of interferometric data from which the 

properties of the particles are extracted. 

 

Fig. 1.  Typical interference signal acquired from a spherical particle buried within a transparent layer. The 

refractive index contrast between the particle and the medium is 0.1. In many applications it can be much lower, 

further complicating the analysis. 

2. Theoretical background of spectral measurements in CSI 

The method used to optically and morphologically characterize micrometric spherical particles is based on the 

analysis of their backscattering spectrum, which is obtained from the spectral analysis of the interference 

signals. As explained later, the principle is based on matching the resulting experimental backscattering 
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spectrum of the particle with the theoretical one. The knowledge of the theoretical spectral response of such 

micrometric particles is therefore an essential part of our approach. 

A. Acquisition and basic spectral analysis of interferometric data 

Coherence scanning interferometry is a measurement method based on the acquisition of an image sequence of 

interference patterns resulting from the superposition of the light coming back from the sample and the light 

reflected from a reference mirror (Fig. 2(a)). By looking at the intensity profile along the Z-axis at different 

pixels in this image stack, multiple interference signals can be extracted to provide information from different 

points in the sample (Fig. 2(b)). The study, which can be either topographic [20], tomographic [21] or spectral 

[22], is then always performed through a specific processing of these signals. In the present case, this processing 

only consists in applying a Fourier transform to the white fringes. 

 

Fig. 2.  (a) Interferometric image stack of a silicon sample. (b) Example of a signal extracted from one pixel in 

this stack 

We recall that the classical expression of an interference signal (Fig. 2(b)), assuming its part independent from 𝑧 

is omitted, is given by Eq. 1. 
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where 𝑆(𝑘) is the power spectral density of the source at the wave number 𝑘, |𝑟𝑟𝑒𝑓| and |𝑟𝑠| are the amplitude 

reflection coefficients of the reference mirror and the sample respectively, 𝜃 is the incident angle, 𝛥𝜑 =

2𝑘𝑧𝑐𝑜𝑠(𝜃) is the optical path difference between the reference and object arms and 𝜙 is the phase shift due to 

the reflection. 

It is quite easy to demonstrate that this signal and the spectral transfer function of the system (STF) are related to 

each other by a Fourier transform operation (Eq. 2). The STF is defined as the product of the illumination 

source, the reference mirror reflectivity, the detector spectral response and the optical components transmittance. 

Consequently, following a calibration step intended to determine the STF, we show that the reflectance of the 

sample 𝑅𝑠, which characterizes the fraction of reflected intensity, is given by Eq. 3 [22, 23]. 



5 
 

		
FT I z( )é

ë
ù
û

= STF k)( )× r
s

k( )  (2) 

		

R
s

k( ) =
FT I z( )é

ë
ù
û

2

STF k( )
2   (3) 

B. Case of a transparent layer 

In the case of a transparent layer, the spectral analysis of the interference signal provides the total reflectance 

spectrum of the layer (Eq. 4). However, this reflectance spectrum depends on the ratio between the optical 

thickness of the layer (OT) and the coherence length of the source as shown by Eq. 5 [24]. 
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The terms |𝑟𝑆1
| and |𝑟𝑆2

| are the magnitude of the Fresnel reflection coefficient of the front and rear interfaces 

respectively and |𝑡𝑆1
| is the amplitude transmission of the surface. The possible phase shifts due to reflection are 

introduced by 𝜙1 and 𝜙2. The term 𝛽 is defined as 𝛽 = 𝑘𝑒𝑛 cos 𝜃′ with 𝜃′ as the propagation angle of the 

light within the layer and 𝑒 and 𝑛 as the thickness and refractive index of the layer. 

If twice the optical thickness / coherence length ratio is less than one, the reflectance spectrum is then expressed 

as the well-known total reflection coefficient that is used to describe the behavior of a thin film structure of 

several hundred nanometers thick. However, when twice the OT is greater than the coherence length of the 

source, the light reflected by the front and rear interfaces no longer interfere with each other. In addition, the 

light that propagates more than one round trip within the layer is neglected because it possesses an optical path 

much higher than that being reflected only once. These considerations lead to the spectrum expressed in the 

second part of Eq. 5. In practice, because the transition from complete temporal coherence to complete 

incoherence is not abrupt, an intermediate case of partial coherence should be considered around 2𝑂𝑇 = 𝑙𝑐𝑜ℎ 

and Eq. 5 mostly refers to limiting cases, i.e. 2𝑂𝑇 ≪ 𝑙𝑐𝑜ℎ and 2𝑂𝑇 ≫ 𝑙𝑐𝑜ℎ. In the case of complete 

incoherence, we also showed that it was possible to extract only the depth-resolved reflectance spectrum of the 

buried interface since the separation of each interferogram is large enough [25]. From this work it was also 

demonstrated that the spectral analysis of interferometric data within the depth of a sample requires a low 

numerical aperture. 
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C. Theoretical response of micrometric spherical particles 

As explained before, it is crucial to determine the theoretical spectral behavior of the structure studied. The 

previous section demonstrated that in our interferometric approach, the spectrum measured is dependent on both 

the structural features and the coherence length of the source. The response of spherical particles being much 

more complicated than that of transparent layers, it is essential to well define the theoretical expression of the 

backscattering spectrum. Firstly, depending on the particle size compared to the wavelength, the scattering will 

either be described by Mie theory or by the Rayleigh regime. In our case, because we study micrometric 

spherical particles with a diameter included in the [𝜆; 10𝜆] range, the scattering phenomenon is predicted by 

Mie theory. However, this theory models the interference between coherent monochromatic light that is 

reflected from the front and rear surfaces of the spherical particle. Consequently, to apply Mie theory, the optical 

path length due to one round trip of the light within the particle must not exceed the coherence length of the 

source. If this condition is not met, the two components cannot interfere, and the spectral analysis of the 

backscattered signal will lead to a spectrum similar to that defined in the lower equation of Eq. 5. This 

difference must be taken into account since the backscattering spectra of the same sphere obtained from these 

two models are significantly different, as shown in Fig. 3. 

 

Fig. 3.  Backscattering spectra of a polystyrene bead (n = 1.58) contained in a transparent layer (n = 1.4). The 

radius of the bead is (a) 1 µm (b) 1.5 µm. The black spectra are obtained from Mie theory predictions as the 

scattering from the front and back surfaces is coherent. The red spectra are obtained from the transparent film 

model as the difference in optical path is greater than the coherence length of the source. 

A polystyrene bead with an average refractive index of 1.58 two different radii is considered and is assumed to 

be included in a medium with an optical index of 1.4. For these simulations, the bead is assumed to be 

illuminated by plane waves with incidence directions within a cone of NA = 0.1. The red spectra are obtained 

from Eq. 6 which is derived from the reflectance model of a transparent layer defined by the lower part of Eq. 5. 

The only difference is the consideration of the reflection at the interface between the surrounding medium and 

the layer that contains the sphere, which is introduced by the coefficient 𝑟01. Although this model omits some 

effects occurring in a spherical particle, such as focusing effects due to the curved edges, introducing these in a 

theoretical model is not simple. For this reason, we decided to use this simplified expression, which, in addition, 
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can be used more broadly for different kinds of particles and substantially reduces the complexity of the 

processing for the recovery of the size and refractive index. 
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As in Eq. 5, 𝑟𝑓, 𝜙𝑓 and 𝑟𝑟, 𝜙𝑟 are respectively the magnitude and the phase of the Fresnel reflection coefficient 

for the front and rear interfaces of the particle. The terms 𝑑 and 𝑛𝑝 denote its diameter and refractive index 

respectively. The black spectra are obtained using Mie theory from Eq. 7 [26]. 

  (7) 

with 𝐸𝑖
∥,⊥

 as the amplitude of the incident electric field for the polarizations 𝑠 and 𝑝 and 𝑆2,1 as the scattering 

amplitude for the same polarizations [26]. The exponential term refers to the fact that the scattered wave is 

spherical. The coefficients 𝑆2,1 of the scattering matrix are calculated from the associated Legendre polynomials 

and the Ricatti-Bessel functions [27, 28]. If we denote by 𝜃 the incidence angle, the backscattering spectrum is 

obtained by summing the scattered intensity of both polarizations over the numerical aperture (NA). For each 

polarization and incidence angle, the scattered intensity is equal to the sum of the scattered electric field in the 

region Ω. This region defines the scattering angles 𝛼 for which the scattered wave is collected by the objective. 

Fig. 4 shows that for an incidence angle 𝜃, the region Ω is defined as the oriented angles 𝛼 for which: 𝜋 − 𝜃 +

𝜃𝑚𝑎𝑥 ≥ 𝛼 ≥ 𝜋 − 𝜃 − 𝜃𝑚𝑎𝑥. 

 

Fig. 4.  Schematic representation of the light/particle interaction for computing the backscattering spectrum. 
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Because we will see that the coherence length is about 2 µm in our optical arrangement, only the particles that 

meet the condition OT << 1 µm can be described using the backscattering spectrum given in Eq. 7. Although 

this model is not used in this paper because the work focuses on the characterization of micrometric particles 

featuring an OT that always far exceeds 1 µm, we wondered whether the proposed technique could work in the 

case where Mie theory was used. To check this possibility, the interference signal of the particle has been 

calculated for this particular case. All the light backscattered in the region Ω participates in the interference 

phenomenon and has to be taken into account. As an example, the red and blue rays in Fig. 4 represent the 

amount of light that is collected by the objective after the scattering of the plane wave with a normal incidence 

and an incidence of θ respectively. Assuming the scattered spherical wave to be a plane wave after passing 

through the objective and because of the far-field observation of the interference, the expression of the 

backscattered electric field is as simple as 𝑆1,2(𝛼, 𝑘)𝑠(𝑘) (1 and 2 refer to the polarization) with 𝑠(𝑘) the 

incident electric field amplitude. Its development leads to Eq. 8. 

 (8) 

The coefficient 𝑟𝑟𝑒𝑓
∥,⊥∗

 denotes the conjugate of the amplitude reflection coefficient of the reference mirror for the 

𝑠 and 𝑝 polarizations and the exponential term represents the phase shift between the reference mirror and the 

top surface of the bead. Because a non-polarized light source is used, the final interferometric signal acquired by 

the camera is the sum of 𝐼∥ and 𝐼⊥. By applying this formula to the previous study of a polystyrene bead (n = 

1.58, r = 1.5 µm) buried in a transparent medium (n = 1.4), it can be observed that the fringe contrast is strongly 

attenuated and that the second interferogram, related to the back surface reflection, vanishes (Fig. 5).  

 

Fig. 5.  Theoretical interferometric signals of a polystyrene bead with a 3 µm diameter included in a transparent 

medium with a 1.4 refractive index. The black, red and blue signals are respectively obtained with an 

unpolarized, s-polarized and p-polarized illumination source. 

This is explained by the fact that the scattered waves for the 𝑠 and 𝑝 polarizations are exactly in antiphase (𝜋 

phase difference) in the case of backscattering [29]. Because of the almost complete suppression of the signal, 

the actual backscattering spectrum of the bead cannot be retrieved from the spectral analysis of the interference 
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signal, preventing any further characterization. However, it is worth noting that according to our simulations, the 

method is usable if the light source is only 𝑠 or 𝑝-polarized. 

3. Experimental details 

A. Optical set-up 

1. System description 

The optical system used to carry out the experiments is presented in Fig. 6. This consists of a modified Leitz-

Linnik interference microscope with two identical 50x objectives (NA = 0.85) and an incandescent lamp 

illumination source. By taking into account the spectral response of the camera, the illumination source 

spectrum is almost Gaussian with a spectral bandwidth and a central wavelength of respectively 280 nm and 

800 nm. The first three lenses, named L1, are located so as to obtain a Köhler illuminator allowing 

homogeneous illumination of the sample after passing through the objectives. The aperture diaphragm (AD) 

enables the control of the illumination angle as well as the spatial coherence of the source. After being reflected 

on both the reference mirror and the sample, the light interferes and is focused onto the camera by the imaging 

lens L2. In this configuration, the image acquired by the camera consists in the image of the sample with white 

fringes superimposed on its surface. 

 

Fig. 6.  Schematic diagram of the optical system. L1, aspheric lenses; L2, imaging lens f = 200 mm; A.D, 

aperture diaphragm; F.D, field diaphragm; MO, 50x microscope objectives; RM, reference mirror; PZT, 

piezoelectric table. 

The sample is then investigated over depth by changing the distance between the reference mirror and the 

sample surface. This is attained by using a piezoelectric table (PIFOC from PI) located under the sample. The 

piezo actuator is controlled in a closed loop with a capacitive position sensor, having a sensitivity of 1 nm. At 

each displacement step, the fringes are scanned over the vertical axis and an image is acquired with the camera, 

leading to the interferometric image stack as illustrated in Fig. 2. The signal acquisition is performed with a 
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Photonfocus monochrome camera having 1024x1024 pixels and a Giga Ethernet connection. With respect to 

the Nyquist-Shannon sampling theorem, the displacement step is adjusted to 50 nm, which ensures a sufficient 

sampling of the interferometric signal with a frequency several times above the Nyquist frequency. The whole 

system is controlled using a program developed in LabVIEW 2016 with the Imaq Vision module. 

One of the main interests of interferometric data for such characterization obviously relies on the possibility of 

carrying it out with a very high spatial resolution. Using interference microscopy, the measurements are 3D-

resolved so as both the transverse and axial resolutions need to be clarified. The values of the lateral and axial 

resolutions are crucial because they refer to the smallest sized particle that can be characterized independently 

from the rest of the sample. 

2. Lateral resolution 

Because the method only consists in the analysis of the signal spectral content, the lateral resolution of the 

measurement will be given either by the area required to extract this signal or by the resolution of the optical 

system. Usually, we use an area of 3x3 pixel binning corresponding to a surface of 0.34 µm x 0.34 µm (0.12 

µm²), in order to reduce temporal noise from the camera. As regards the resolution of the optical system, this is 

given as in any imaging device, by the Full Width at Half Maximum (FWHM) of the Point Spread Function 

(PSF), which is, in the case of a diffraction-limited optical system, the Airy function (Eq. 9) [21]. 

		

h u( ) =
2J

1
u( )

u

é

ë

ê
ê

ù

û

ú
ú

2

,u =
2p

l
r ×NA   (9) 

where J1 depicts the Bessel function of the first kind and first order. Assuming the Rayleigh criterion in the case 

of incoherent illumination, the lateral resolution is approximately defined by the radius of this function, which is 

𝛥𝑥 = 0.61𝜆0 𝑁𝐴⁄ = 0.57 µ𝑚 with 𝜆0 as the central wavelength of the source spectrum. This leads to a 

surface of 𝜋𝛥𝑥2 being well above the area delimited by 3x3 pixels. Consequently, the lateral resolution will be 

then limited by the resolution of the optical system. 

Moreover, we already demonstrated for the inspection of transparent layers the need to reduce the effective NA 

to obtain spectra free from errors [25]. This effective NA reduction is attained by closing the aperture diaphragm 

and necessarily involves an increase in the degree of spatial coherence of the system. Indeed, we recall that the 

spatial coherence of the system (~ effective NA) is controlled by both the NA of the illumination (defined by the 

AD) and the NA of the objective [30]. This leads to a decrease in the lateral resolution. 

Experimentally, many criteria and methods have been introduced to estimate the resolution of an optical system, 

such as the measurement of the 10-90% rise distance of the intensity profile along a perfect edge [31,32], from 

the imaging of two pinholes of equal brightness [30] or from the measurement of the Modulation Transfer 

Function (MTF). In our case, it is the latter that was used to determine the resolution loss induced by the closing 

of the AD. The results shown in Fig. 7 demonstrate cut-off frequencies of 2 lines/μm and 1.2 lines/μm for the 

AD in the open and closed positions respectively. This results in a lateral resolution of about 0.83 µm (with a 
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loss of 0.33 μm). In accordance with the theory, we also note that increasing the degree of spatial coherence of 

the illumination involves a better contrast for the smaller spatial frequencies. 

 

Fig. 7.  Modulation transfer function of the optical system for two extreme positions of the aperture diaphragm. 

3. Axial resolution 

In interference microscopy, the axial resolution is commonly defined as the FWHM of the fringe visibility [33]. 

In the general case, this envelope is adjusted by both the temporal and spatial coherence of the system [34]. The 

former is proportional to the coherence length of the source while the latter only depends on the numerical 

apertures of the objective and the illumination. As a result, the axial resolution is mainly governed by either the 

properties of the source or by the effective NA of the system. Although it only affects the spatial coherence, the 

fact of closing the AD during the acquisition will obviously degrade the resolution. To theoretically check how 

the axial resolution would be modified, the influence of each term (temporal and spatial coherence) has been 

studied and the resulting resolution plotted as a function of the effective NA [25]. Because of the very low 

coherence length of the source, it appears that the effect of the temporal coherence is so predominant compared 

to the spatial effect that decreasing the illumination NA is nearly insignificant. It follows that the axial resolution 

remains almost identical whatever the extent of the AD being closed. By measuring the FWHM of two 

interferograms for the AD fully open and closed as much as possible we found the axial resolution to be 1.05 

µm and 1.08 µm (Fig. 8). 

 

Fig. 8.  Experimental axial resolution for two extreme positions of the AD. (a) Fully open. (b) Closed as much 

as possible. The interferograms are recorded from a silicon substrate. 

The resolution value 𝛥𝑧 illustrated in Fig. 8 and equal to 1.08 µm corresponds to the imaging resolution but not 

to that achievable for the spectral characterization. Indeed, as shown in Fig. 9, the actual resolution of the 

measurement is slightly larger than 𝛥𝑧 and depends not only on the system properties but also on the sample 
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features such as its dispersion. The axial resolution is defined as the minimal distance between the adjacent 

surfaces of two particles that can be measured independently and was found to be approximately 2.3 × 𝛥𝑧 =

2.85 µ𝑚. This is explained by the fact that two successive structures along the depth can be studied 

independently of each other only if their signals are sufficiently spaced to be processed separately. Indeed, we 

recall that the characterization method relies on the spectral analysis of the only interference signal of the 

particle studied. In the rigorous case of imaging, the interferograms over Z can be mixed as long as their 

envelope peaks are easily identifiable, allowing a clear discrimination of both structures. As an example in Fig. 

9, it will be possible to characterize particle “1” as long as it is separated from particle “3” by Δx and that the top 

surface of “1” is separated from the bottom surface of “2” by 2.3Δz. 

 

 

Fig. 9.  Spatial resolutions of the characterization method. The lateral resolution is equal to that classically 

defined in microscopy imaging 𝛥𝑥. The axial resolution is larger than that used in interference microscopy 

imaging and approximately equals 2.3𝛥𝑧. In this scheme we supposed that the signals from the top and bottom 

surfaces of each particle were mixed together leading to one global interferogram. Rigorously, the resolution 

2.3𝛥𝑧 indicates the separation between the top surface of “1” and the bottom surface of “2”. 

 

B. Signal processing (total reflectance spectrum) 

As explained in sections 2.A and 2.B, the backscattering spectrum from which will be extracted the properties 

of the structure studied is obtained from Eq. 4 and requires two distinct steps. The first one is called the 

calibration step and consists in measuring a sample with a known spectral reflectance in order to determine the 

spectral signature of the system (STF) for the given experimental/surrounding conditions. In our case, a silicon 

substrate is used and was measured using a UV-VIS-IR optical spectrometer at 𝜆𝑚 points. These points are 

spaced by 1 nm and linearly distributed in the range [450 nm; 1100 nm]. The second step, called the 

measurement step, is quite similar and is applied to the sample to be characterized. 
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Fig. 10.  Processing procedure. Each step is indicated by his associated number. The upper image stack is the 

one of the calibration sample (silicon substrate) whose the processing leads to the STF. The lower stack 

represents silica beads deposited on a glass substrate. The backscattering spectrum is then obtained by squared 

division of the oscillating spectrum by the STF. 

The whole procedure involved in these two previous steps is detailed below: 

1. Loading of the image stack into the RAM. 

2. Selection of the area to be characterized (signal extraction). 

3. Use of an envelope extraction algorithm (low pass filter) followed by a peak detection algorithm to 

locate the positions of the different interferograms. 

4. Selection of the part of the signal to be analyzed (spatial length) using an apodisation window. 

5. Increase of the number of points in the part of the signal selected by means of a zero-padding algorithm. 

6. Fast Fourier Transform (FFT) of the signal. For the Fourier analysis, we use 𝛿 = 2𝑧 and 𝜎 = 1 𝜆⁄  as 

direct and conjugate variables respectively. 

7. Linear interpolation of the spectrum at 𝜆𝑚 points. 

The points in bold are specifically intended for the measurement step. Indeed, the calibration signal is always 

extracted from the same area to overcome the responses that may be slightly different from one pixel to another. 

In addition, the length of the calibration signal automatically adjusts to that of the measurement signal and the 

window is automatically centered on the maximum amplitude of the interferogram. The entire procedure is 

graphically represented in Fig. 10. As mentioned in Section 3.A.3, the interferograms are usually spread over a 

small distance of the order of 2.85 µm due to the use of a broad white light spectrum. This will then correspond 

to the minimal size of the apodisation window. In order to select the more appropriate length of the signal, 

several factors need to be considered. Indeed, while larger windows would be more suitable for obtaining a high 

spectral resolution, this would lead to the inclusion of too much noise in the calculation from the parts of the 

signal outside the 2.85 µm wide interferogram, where the signal to noise ratio (SNR) is very low. As is shown in 

Fig. 11, taking a wider window leads to unwanted oscillations in the spectrum (S2) and generates discrepancies 
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compared to the theoretical spectrum (SS). By using a narrower window, S1 is obtained by using a 3 µm wide 

signal, the oscillations vanish, and the spectrum becomes closer to SS. We will also see that this noise (~ SNR 

level) has a significant influence on the accuracy of the characterization. As a result, the window size is 

generally the same as that of the signal of interest (which, for large particles, necessarily includes the 

interferograms from both the top and back interfaces).  

Because it is primordial to keep the noise as low as possible, the only way to increase the spectral resolution 

would result from having an interferogram larger over Z, which would decrease the axial resolution. In our case, 

the ability to measure the properties of a single particle regardless of the other sample constituents relies on the 

ability to correctly separate the interferograms along the Z-axis. We have therefore chosen to favor a good axial 

resolution over the spectral resolution. 

 

 

Fig. 11.  (a-b) Simulated interference signals with (a) no noise (b) additive white Gaussian noise leading to a 

signal to noise ratio of 10.45 dB. (c-d) Comparison between the expected theoretical spectrum (SS) and the 

spectra calculated from the FT of the signals in (a-b). In the case (c), the spectrum S is very close to SS whatever 

the length of the window. In the case (d), S1 and S2 are respectively obtained by using a 3 µm and 10 µm wide 

window. 

 

The achievable spectral resolution then depends on the size of the particle studied and is defined as the FWHM 

of the Fourier transform of the window. For instance, by using a Hamming window in the case of a 2 µm 

particle with a constant refractive index of 1.6, the length would be 6 µm, leading to a spectral resolution equal 

to 378 cm-1 (24 nm at a wavelength of 800 nm). Before being Fourier transformed, each signal is increased in 

size to 4096 points using a zero-padding loop. This operation enables the sampling of the spectrum to be 

increased: 𝛿𝜎 = (2𝛿𝑧𝑁)−1 = 24𝑐𝑚−1 (1.5 nm at a wavelength of 800 nm) with 𝛿𝑧 as the piezo 

displacement step (50 nm) and 𝑁 as the total number of points (4096). 

 

 



15 
 

C. Adjustment non-linear algorithm 

As mentioned in Section 2, the method combines experimental measurements with theoretical models to 

recover the properties of the particle. Once the experimental backscattering spectrum is obtained and the model 

describing correctly the interferometric spectral response of the particle is chosen, the next step is to match them 

together. The idea is therefore to bring the model to converge towards the experimental data by optimizing the 

value of the parameters that are sought. In our case, these parameters are the refractive index and the size of the 

particle. Since the phase and the magnitude of the backscattering spectrum contain the information on both the 

size and the refractive index of the particle, one or the other could be used as a model as in the case for thin film 

analysis [35-37]. Because we evaluated the magnitude as being the best way for having the most sensitive 

measurement [38], only the spectrum magnitude was used. Both the experimental and theoretical spectra were 

sampled at the same N points where k1 and kN span the spectral range used to match the model to the data. To 

assess whether the fit between the experimental and theoretical data is optimized, an error function χ defined as 

their quadratic error is used. 
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The parameters 𝑑 and 𝑛𝑝 denote respectively the diameter and refractive index of the particle, 𝑠𝑏 is the model 

of backscattering spectrum as defined in Eq. 6 and 𝑦𝑑𝑎𝑡𝑎 is the experimental spectrum. Because of the non-

linearity of the spectrum magnitude, a multidimensional nonlinear algorithm is used to converge towards the 

best solution. The Levenberg-Marquardt algorithm, based on the least-squares method and available in the 

MATLAB software has been used since it appeared to be the most commonly used algorithm for such 

characterization. Usually, this kind of algorithm cannot immediately provide the global minimum of χ (~ the 

best solution) since there may exist multiple local minima [35, 39, 40]. The algorithm provides only one of them 

depending on the initial value of the fitting parameters. Computationally speaking, we then used the same 

method as the one we detailed in [41] for the characterization of thick transparent layers. Basically, it consists in 

varying the initial values of the different parameters (𝑑 and 𝑛𝑝) within one given range and recording both the 

local minimum and the final error provided by the algorithm, which corresponds to the difference between the 

data and the optimized model. The global minimum is then obtained by identifying the iteration that leads to the 

lowest error and only requires a few seconds (~ 5s). 

In the case of transparent layers, our method proved to be at the same time fast, robust and accurate [41]. 

However, in the case of micrometric particles, in particular for those contained in a complex medium, a much 

lower signal to noise ratio is expected, which may induce some errors in the optimization algorithm. With our 

experimental system, a SNR of ~ 36 dB was measured in the case of a simple transparent layer. The SNR is 

defined as the ratio between the maximal amplitude of the central white fringe (AS) and the amplitude of the 

noise (AN) as shown by Eq. 11. The noise amplitude is estimated by its standard deviation 𝜎𝑁. 
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For the study of micrometric particles contained in transparent media, the SNR can be significantly lower and 

may become less than 8 dB, especially in biological media where the refractive index contrast between each 

structures is in the order of 0.1 or even less. To assess its robustness to noise, the characterization technique has 

been tested on synthetic interference signals. The simulation consists in a 2 µm particle with a constant 

refractive index of 1.58 buried at a depth of 3 µm within a semi-infinite medium with an index of 1.48. The STF 

of the simulation is represented in Fig. 12 and shows that the wavelength domain used to determine the 

properties of the particle ranges from 0.5 µm to 1 µm. 

 

Fig. 12.  STF used in the simulation. The grey area is the wavelength range having a sufficient SNR to allow an 

error-free fit between the experimental and theoretical backscattering spectrum of the particle. The experimental 

spectrum is obtained from the processing of noisy interference fringes while the theoretical spectrum 

corresponds to the model 

Despite the fact that the use of a wider spectral range would facilitate the accurate determination of the particle 

properties, it is nevertheless essential to restrict this domain to one with a sufficient SNR in order to prevent any 

significant error during the matching process. As an example, we superimposed on Fig. 12 the theoretical 

backscattering spectrum of the particle (red curve) and the one obtained from processing a noisy interference 

signal of the particle (blue curve). It can be noticed that the areas of the blue spectrum that are outside the [0.5 

µm; 1 µm] spectral range are very sensitive to noise and thus inevitably differ greatly from the theoretical 

spectrum (model). A white Gaussian noise is assumed for representing the different noise sources. Now limited 

to the [0.5 µm; 1 µm] wavelength range, four simulations were carried out, each of them with a different level 

of noise (SNR = ∞, 12 dB, 9 dB, 6 dB). The case where SNR = ∞ means the total absence of noise. The NA is 

set to 0.1 as we recall the necessity of using small apertures for spectral measurements [25]. The total 

interference signal and the windowed signal are represented in Fig. 13(a) for the case where SNR = 9 dB. The 

first interferogram is due to the light reflection on the sample surface. The backscattering spectra of the particle 

are plotted in Fig. 13(b). 
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The black curve corresponds to the spectrum obtained from the processing of the windowed fringes and the red 

curve is the optimized model, i.e., the model that uses the values of the diameter and refractive index given by 

the adjustment algorithm. These values are respectively 2.279 µm and 1.387 for the size and index of the 

particle and differ a lot compared to the theoretical values of 2 µm and 1.58. The Table 1 summarizes the values 

given by the adjustment algorithm for the cases where SNR = ∞, 12 dB and 6 dB. 

Table. 1. Measurement of the bead size and refractive index for different SNR. The theoretical values are 

d = 2 µm and n = 1.58. 

SNR (dB) ∞ 12 9 6 

d 2 2.296 2.279 2.346 

n 1.58 1.38 1.387 1.344 

 

 

Fig. 13.  (a) Simulated interference signal of a 2 µm particle contained in a transparent layer for a SNR of 9 dB. 

The blue signal is that of the particle. (b) Backscattering spectra. The black curve is obtained from the 

processing of the blue signal in (a) and the red curve is the model given in Eq. 6 that uses the values of e and n 

leading to the best fit. 

As can be noticed from Table 1, the adjustment algorithm leads to wrong values as soon as the SNR is too 

weak, which will be frequently the case for the inspection of micrometric particles. In order to increase this 

SNR, a temporal averaging is performed during the acquisition of the data. In terms of simulation, this means 

that the final interference signal is produced from the averaging of N noisy signals. This simple processing 

enables a high attenuation of the noise and consequently improves the accuracy of the adjustment algorithm as 

shown in Fig. 14. 
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Fig. 14.  (a) Simulated interference signal of a 2 µm particle contained in a transparent layer for an initial SNR 

of 9 dB. The signal results from the averaging of four noisy signal allowing the SNR to be improved. (b) 

Backscattering spectra. The black curve is obtained from the processing of the blue signal in (a) and the red 

curve is the model given in Eq. 6 that uses the values of e and n leading to the best fit. 

The initial SNR is still set at 9 dB and the interference signal is computed from the averaging of four noisy 

signals. This time, it can be noticed that the values of both the thickness and the refractive index are completely 

consistent with the theoretical values. The same study was conducted for the cases where SNR = 12 dB and 6 

dB with the results summarized in Table 2. Contrarily to what happened without averaging, the values are all 

very close to the theoretical values even in the worst case (SNR = 6 dB). Although these are only simulations 

and they certainly do not take into account all the possible sources of signal degradation that may occur during a 

real measurement, it is sufficient to demonstrate that performing processing as simple as a temporal averaging 

enables the accuracy of the method to be improved. 

Table. 2. Measurement of the bead size and refractive index for different SNR and after applying an 

averaging of 4 signals. The theoretical values are d = 2 µm and n = 1.58. 

SNR (dB) ∞ 12 9 6 

d 2 2.002 2.005 2.009 

n 1.58 1.58 1.576 1.573 

4. Results: Silica and polystyrene beads 

In this section, the method is applied to silica (from Cospheric) and polystyrene (from EPRUI Biotech) beads 

with the purpose of simultaneously retrieving their size and refractive index. For all the results presented in 

sections A and B, the interferometric signals from which the backscattering spectra are computed are obtained 

by using temporal averaging during the acquisition of the data. This means that N consecutive images are 

averaged together at each piezoelectric displacement step and only the resulting image is recorded [42]. In order 
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not to increase the acquisition time too much, N was chosen to be equal to 4, which still allows a noise reduction 

of a factor 2. 

A. Verification of the beads diameter and uncertainty 

In order to accurately estimate the size of the beads and the associated uncertainty, the first experiments were 

carried out on beads located at the surface of a glass substrate. Indeed, these being located at the surface, an 

estimation of their size without taking into account their refractive index was possible by looking at the relative 

position of the signal envelope peak from the top of the bead and that of the substrate as shown in Fig. 15. 

Moreover, this configuration makes it possible to work with a high SNR. Indeed, this maintains a good fringe 

contrast as the refractive index variation between the air and the particle is high and the SNR level is directly 

related to the contrast of the fringes. The beads, being supplied either in powder form or within a solution, were 

mixed in water and then deposited by spin coating. The purpose was to avoid the creation of aggregates to 

obtain a fairly homogeneous distribution on the substrate. Since the refractive indices of both the bead and the 

glass substrate are only real and higher than 1, the same phase shift of π occurs during the light reflections on the 

interfaces air/bead and air/substrate. Consequently, the slight shift of the interferogram peak induced by phase 

change on reflection [33] is the same for both signals and do not lead to errors in the calculation of the diameter. 

Fig. 15 shows several measurements of the diameter of the silica beads, which are equal in theory to 4.08 and 

1.70 µm for cases (a) and (b) respectively.  

 

Fig. 15.  Extraction areas of interferometric signals to determine the diameter of the beads. (a) 4.08 µm. (b) 1.70 

µm. The zones (1) and (3) are chosen for being at the top of a bead. The zones (2) and (4) are chosen for being 

on the substrate and are exactly on the same fringe in order to avoid any errors due to the sample tilt. The signals 

from areas (1)-(2) and (3)-(4) are respectively put alongside so that they are used to obtain the bead diameter. 

Even though the diameters measured are in accordance with the data specified by the supplier, we noticed by 

repeating the measurements on a large number of beads over the field of view that the diameter can vary by 

several hundred nanometers. We estimated the uncertainty to be about 3.5 % whatever the size, leading to a 

precision of 4.08 ± 0.14 µm and 1.70 ± 0.06 µm. The same work was performed on polystyrene beads having a 

theoretical size of 3 and 2 µm. In this case, the uncertainty was estimated to be slightly lower and equal to 3 %. 
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B. Particles located within a transparent layer of Gelatin 

The silica and polystyrene beads have been studied in such a way as to reach similar approaches used for the 

study cases of biological samples or transparent materials. This means that the particles have to be buried within 

the depth of a transparent or scattering medium. The latter case is studied theoretically in section C. 

 

 

Fig. 16.  Theoretical backscattering spectrum of a bead contained in a medium with a constant refractive index 

of 1.6. (a) The refractive index of the bead is 1.45. (b) The diameter of the bead is 4 µm 

The theoretical backscattering spectrum of a bead located in a transparent medium with a constant refractive 

index of 1.6 is plotted in Fig. 16. We first consider the case of a bead with a constant refractive index and three 

different sizes (a) and then the case with a constant size and different indices (b). It is worth noting that while the 

diameter d only changes the oscillation frequency of the spectrum, the refractive index np is related to both the 

frequency and the amplitude of these oscillations. It is therefore essential for the spectrum amplitude not to be 

biased (which is for instance the case when using a large NA) so that the determination of the index is error-free. 

In addition, an error in the measurement of the index would necessarily imply an error in the measurement of 

the size. By taking a closer look at the influence of the noise on the backscattering spectrum of a polystyrene 

bead (Fig. 17), it can be observed that the noise introduces more errors in the amplitude of the oscillations than 

in the location of the peaks. Consequently, it can be assumed that the precision of the refractive index 

measurement will be much more sensitive to the SNR than the measurement of the size. 

 

Fig. 17.  Simulated backscattering spectra of the polystyrene bead for different SNR. The black, red and blue 

curves are respectively obtained with a SNR of +∞, 8.8 dB and 6 dB. 
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The sample was manufactured in our lab by depositing the beads in a layer of gelatin (photographic gelatin for 

holography). The gelatin was mixed in water (5 % of the total volume) at 50°C with magnetic stirring. Once the 

mixture was homogeneous, the beads were added to the solution with magnetic stirring in order to obtain a 

homogeneous distribution of the beads. The solution was poured onto preheated microscope glass slides, which 

were then cooled down to solidify the deposit. Measurement with a mechanical profilometer indicated a 

thickness of about 40 µm. The gelatin index was measured to be on average 1.48 using a refractometer. The 

sample contains a mixture of all the beads (both materials and all sizes). Such a test sample makes it possible to 

test the capacity of the method for spectrally discretizing and identifying particles of different natures and sizes. 

The model used to recover the properties of the beads assumes a wavelength-independent refractive index. For 

these studies, this hypothesis is sufficient since silica and polystyrene are both very small dispersive materials, 

with an average refractive index of 1.45 and 1.58. Nevertheless, we demonstrated the possibility to recover the 

wavelength dependency of the refractive index. The only need is to express the optical index from a dispersion 

law (Cauchy or Sellmeier) and to use the parameters of these laws as optimization variables in the adjustment 

algorithm [41]. The beads being distributed very homogeneously, several acquisitions of the sample were 

required as we tried to measure each different kind of bead at least 3 times. It appeared that all the 4.08 µm silica 

beads were found to be located right below the surface, thus preventing their characterization since the fringes 

from the top of the bead were mixed with those from the surface. As a result, it was only possible to measure the 

1.70 µm silica beads and 2-3 µm polystyrene beads. Once a bead was found in the layer, its size and refractive 

index were measured by using the algorithm given in Eq. 10 (Model 1). After identifying whether the bead was 

silica or polystyrene, the characterization was performed again by using the same model except that a theoretical 

refractive index of the bead was used in the algorithm and therefore only the size was sought (Model 2). The 

purpose of the previous approach was to estimate whether the measurement of the diameter is much more 

accurate when not taking into account the index measurement that is probably more sensitive to noise. When 

using Model 2, the refractive indices of the polystyrene and silica are respectively obtained from [40] and [41]: 
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Two examples of characterization for respectively a bead of polystyrene (2 µm) and silica (1.70 µm) are given 

in Figs. 18 and 19.  
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Fig. 18.  (a) Total interference signal of the sample. (b) Windowed signal from the blue square in (a) including 

the fringes from the top and bottom sides of a 2 µm polystyrene bead. (c) Comparison between the experimental 

backscattering spectrum (black curve) and the optimized models set by the size and the index (Model 1) or just 

the size (Model 2). We found respectively d = 1.959 µm and n = 1.579 for M1 and d = 1.957 µm for M2. 

 

Fig. 19.  (a) Total interference signal of the sample. (b) Windowed signal from the blue square in (a) including 

the fringes from the top and bottom sides of a 1.70 µm silica bead. (c) Comparison between the experimental 

backscattering spectrum (black curve) and the optimized models set by the size and the index (Model 1) or just 

the size (Model 2). We found respectively d = 1.721 µm and n = 1.454 for M1 and d = 1.720 µm for M2. 

 

For each case, the total interference signal of the sample, which is extracted from the acquired image stack, is 

plotted in (a) and the windowed portion from which is computed the backscattering spectrum is displayed in (b). 

The resulting backscattering spectrum is plotted in black in (c). The blue and red curves are the optimized 

models of the backscattering spectrum when using both the diameter and the index (blue) or only the diameter 

(red) as fitting parameters. In the case of the polystyrene bead, the refractive index variation between the bead 

and the layer is small, i.e. ~ 0.1, and we thus estimated the SNR to be ~ 9 dB after averaging. Using Model 1, 

values of 1.959 µm and 1.579 are respectively obtained for the diameter and refractive index. Using Model 2, a 

diameter of 1.957 µm is calculated. All these values match the expected ones (2 µm and1.58).   

In the case of the silica bead, the variation of the refractive index is even lower, i.e. about 0.03, leading to a SNR 

of less than 6 dB despite the averaging. In this case, we obtain d = 1.721 µm and n = 1.454 with Model 1 and d 

= 1.720 µm using Model 2. These values are all in agreement with the theoretical data (d = 1.70 µm and n = 

1.45). These characterizations were repeated several times as each type of bead was measured between 3 and 5 
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times. The summary of the results obtained, including the mean value, the standard deviation and the relative 

error (compared to the provider data) for each bead and each model are given in Table 3. The relative error 

(R.E) is calculated as the average of the relative errors of each value measured and not from the error of the 

mean value (M.V). It can be noticed for each type of bead, whether for the size or the index, that the standard 

deviation is relatively low, thus proving the repeatability of the measurements. As regards the results on the 

mean values and the relative errors, several comments need to be made. First, in a general way, the 

measurement of both the size and the refractive index are far from being imprecise and are globally satisfactory 

enough for clearly identifying the bead. Nevertheless, the measurement of the size seems better than that of the 

refractive index since the latter is obtained with an error to a value of 0.1, which can be quite high when 

searching with precision the refractive index of a particle. Moreover, we notice that the measurement of the size 

is by far more accurate when using Model 2 that takes a theoretical value for the index. This is explained by the 

reduced sensitivity of the model to the noise-induced amplitude disparities. In addition, the relative errors 

become included in the uncertainty area previously estimated. All these experimental observations go in the 

same direction as the simulations. They also validate our hypothesis stating that the determination of the 

refractive index is more sensitive to noise and further introduces more errors in the calculation of the diameter. 

They emphasize the obvious need to obtain high quality and low noise interference signals for such accurate 

morphological characterization. 

Table. 3.  Summary of the size and refractive index measurements of polystyrene and silica beads. M.V, 

Mean Value; S.D, Standard Deviation; R.E, Relative Error. 

Kind of bead  Model 1  Model 2 

Material d (µm) n 
 d (µm)  n  d (µm) 

 M.V S.D R.E (%)  M.V S.D R.E (%)  M.V S.D R.E (%) 

Polystyrene 3 1.58  3.255 0.054 8.50  1.610 0.010 1.80  2.982 0.125 4.17 

Polystyrene 2 1.58  2.086 0.104 5.33  1.552 0.017 1.79  1.987 0.032 1.56 

Silica 1.70 1.45  1.744 0.023 2.60  1.441 0.013 0.91  1.729 0.008 1.70 

C. Simulation: particles located within a scattering medium 

In the previous section, we presented the characterization results of spherical beads contained in a transparent 

layer.  

The application of interference microscopy is obviously not limited to such simple samples and is precisely well 

known for studying more complex media, mainly through the inspection of biological tissues by OCT systems. 

In this section, the possibility of using the proposed interferometric method in the presence of a scattering 

medium is studied theoretically by means of simulation programs. Scattering is the main phenomenon occurring 

in biological matter and often leads to more complex measurements. In order to test the method, the first step 

was to develop an approach for simulating an interference signal in such complex media. 
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1. Modeling of the interference signal in a scattering medium 

In most scattering media, light may undergo several scattering phenomena during its propagation before 

interacting with the studied structure. In this case, a random phase term is added in the phase shift between the 

reference wave and the object wave. This random phase is directly related to the optical path taken by the ray 

and therefore depends on the properties of the scattering medium. In our approach, we assume a static sample 

(stationary scatterers) and therefore a time-independent phase. When using interferometric methods, the 

reference wave allows the ballistic part of the light reflected by the structure to be selected. As a result, the 

portion of scattered light, whose phase randomly varies, is ignored since it interferes for different optical paths. 

This random variation of phase will certainly modify the interferometric signal and the associated spectrum 

because only the portion of ballistic light will participate in the formation of the fringes. In order to estimate the 

proportion of coherent light participating in the formation of the interference signal, it is essential to know the 

properties of the scattering medium. In our model, this will be characterized by: 

• its scattering coefficient µdiff. This describes the attenuation of collimated light passing through the medium. 

The mean free path (ldiff), i.e. the distance traveled by a photon between two successive scattering events, is 

equal to its inverse. 

• the phase function p which gives information about the radiation pattern. This gives the probability for a 

photon to be scattered in a specific direction. 

• the factor of anisotropy g which characterizes the anisotropy of the scattering. 

To specify how the scatterers affect the light, it is necessary to associate a phase function to the medium. 

Depending on the size of the scatterers, the Rayleigh or Mie phase function are often used and enable very 

precise calculations on the angular distribution of the light scattered. In our simulation case, very precise 

information about the angular dependence of the diffusion is not required because the only interest is to obtain 

the probability for the light to be deviated in a given direction according to the medium properties. For practical 

reasons and mathematical simplicity, other phase functions were introduced [45-48]. Our choice was finally to 

work with the Henyey-Greenstein phase function given in Eq.13. This function depends on a single parameter g 

corresponding to the anisotropy factor. It has the advantage of representing at the same time the cases of 

backscattering (g = -1), forward scattering (g = 1) and isotropic scattering (g = 0) which is very useful when 

simulating a medium that contains a distribution of scatterers with different sizes. Depending on the scattering 

regime, the scattering efficiency is either proportional to the inverse of the wavelength raised to the power of 4 

(Rayleigh) or non-wavelength-dependent (Mie). It is assumed in our case that all the wavelengths are scattered 

in the same proportion, corresponding to the study of a medium with scatterers that are large compared to the 

wavelength. 
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with -1 < g < 1 the anisotropy factor. 

The purpose is to determine the proportion of coherent light participating in the formation of the interference 

signal. The light rays that are deviated by the scatterers have random phases that tend to add noise and decrease 

the quality of the interferometric signal. The assumptions made for calculating the random phase are as follows: 

• the particles are spherical so that the scattering direction is independent from the azimuthal angle. 

• the cross sections of the scatterers (ratio between the scattered energy and the incident intensity) are 

independent from the wavelength. 

The scattering sample is illuminated by polychromatic light whose incident directions correspond to the angles 

defined by the numerical aperture of the objective. The calculation method is based on the decomposition of 

each incident plane wave and each wavelength into a sum of N rays having independent random phases. The 

same ray can be scattered several times. The propagation pattern of a ray within the medium is given in Fig. 20. 

This illustrates the path of three different rays undergoing either none, one or more scattering phenomena. The 

photons following these paths are considered to be ballistic, slightly diffused and strongly diffused photons 

respectively. 

 

Fig. 20. Representation of the random paths of different light rays through a scattering medium of thickness e 

and refractive index n. The propagation can take place without diffusion (green ray), with a single diffusion (red 

ray) or with several diffusion phenomena (blue ray). 

Once the ray has entered the medium, the distance traveled between two scattering phenomena as well as the 

angle with which it will be deviated, are random variables calculated from probability density functions. These 

densities represent the probability distributions that describe the random behavior of the variables. The random 

phase related to the scattering of the wave is then calculated from two variables: the distance between each 

scattering process and the scattering angle. 

The random variable d, which defines the distance traveled by the wave until its next interaction with a scatterer, 

follows an exponential distribution with the rate parameter µdiff. The expected value of this density is given by 

1/µdiff and is equal to the mean free path ldiff. The drawing of the random variables {di} is carried out using the 

inverse transform sampling method which consists in producing a series of random numbers following a 

specific distribution from the expression of its cumulative distribution function. Finally, the sequence {di} is 

drawn using Eq. 14 where r is a random variable that follows a uniform distribution between 0 and 1. 
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d = -
1

m
diff

ln r( );					r ∼U 0,1( )  (14) 

The random variable θ, which corresponds to the scattering angle, follows a distribution P described by the 

Henyey-Greenstein probability density (or phase function). In order to draw the random variables {θi} 

according to the distribution P, the rejection sampling method is used. Briefly, the idea is to use the drawing of 

another random variable that is easy to simulate, to model a more complex density. Since oriented angles are 

used, the variable α is drawn between –π and π. Fig. 21 shows the draw of the two random variables for 

different parameters. 

 

 

Fig. 21.  Drawings of the variables d and α according to the exponential and Henyey-Greenstein laws. 

 

The aim is to develop the interferometric signal of a structure located within the depth of a scattering layer 

(corresponding to the rear face of the layer of thickness e and refractive index n) (Fig. 22). The light rays 

reflected from the rear face may have been deflected during the crossing of the medium. They have thus 

traveled a greater optical distance than the "classical" optical path given by the distance of one round trip (2ne 

for a normal incidence). The phase shift between the reference wave and the object wave can then be 

determined from Figs. 20 and 22. 

 

 

Fig. 22.  (a) Path difference between a ballistic (black) and a scattered (blue) ray from the emission to the 

collection by the camera. (b) Phase shift at the output of the medium between a scattered ray (blue) and the 

reference ray (black). The reference mirror is in the plane defined by the surface of the sample. 
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Fig. 22 illustrates the propagation of a scattered ray compared to a ballistic ray. The random path of the scattered 

ray is considerably exaggerated compared to the cases of the samples usually studied (biological tissues for 

instance), which are generally characterized by an anisotropy factor close to 1. When leaving the layer, the 

scattered ray will have a random exit angle θs. The value of this angle directly indicates whether the ray is 

collected by the objective or not. In the case of collection, this exit angle may be different from the exit angle of 

the reference beam and leads to an additional phase shift when traveling between the sample surface and the 

collecting lens. From Fig. 22(b), it can be observed that the incident ray travels the same path as the reference 

ray until point A. It then divides at this point, and after arriving at points B and C, the object and reference rays 

propagate in the same way within the surrounding medium. The optical path difference between these two 

beams is therefore equal to: 

    ( ) ( ) = − = + + −1 1n nAA A B AC n AA A B AC   (15) 

Even for very inclined exit rays (θs close to the maximum angle of collection) and high objective NA, the 

distance (AC) remains negligible compared to the optical path traveled within the sample. It will be then 

assumed that the phase difference between the scattered wave and the reference wave is solely related to the 

random propagation of the beam in the scattering medium.   

As explained before, the measurement of error-free backscattering spectra requires a limited effective NA, 

which is achieved by closing the AD. As a result, we have limited the complexity of the problem by assuming 

that the illumination comes down to a plane wave arriving at a normal incidence. To determine the random 

phase of any ray, we first perform the drawing of the random variables {di}. If the value of d1 is greater than 2e 

(distance of one round trip in the layer for normal incidence), then the ray is not scattered. Otherwise, this means 

that the ray undergoes at least one scattering phenomenon during its propagation. We then draw the variables 

{αi} and calculate the orthogonal projection Xi of the distance di along the vertical axis Z (Fig. 20). This 

operation is repeated as long as the ray has not emerged from the layer. The condition to fulfill for the ray to 

come out of the layer is as follows: 

		
X

i
i

å <0 or X
i
>2e

i

å   (16) 

with the variable X which is easily calculated further to the use of oriented angles: 

		

X
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= d
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i

å
æ

è
ç

ö

ø
÷   (17) 

The angle α1 is the refraction angle after entering into the layer and is always equal to 0 for a normal incidence. 

X becomes negative in the case of a backscattering. 

It is obviously possible for a ray to be backscattered before interacting with the rear interface or, conversely, to 

interact more than one time with the interface. To count the number of times the ray actually interacts with the 

interface, a test is performed at each scattering phenomenon (iteration). Whenever the distance travelled by the 
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ray along the Z-axis is smaller (respectively higher) than the sample thickness at one given iteration and that it 

becomes higher (respectively smaller) at the next one, it means that the ray has interacted with the rear interface.  

Let us suppose that Eq. 16 is achieved for i = f. The angle θf between the final direction of the ray and the 

normal to the surface is calculated from Eq. 18, where Σαi is returned in the range [-π, π] using Matlab's 

wrapToPi function. 

		

q
f
= a

i
i=1

f
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i
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q
f
= p - a

i
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f
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  (18) 

The value of the angle θf makes it possible to know whether the ray is refracted and then directed towards the 

objective, or else undergoes a total internal reflection phenomenon, in which case the ray is considered as being 

lost. Consequently, if the angle meets Eq. 19, the interferometric signal is simply given by the expression in Eq. 

20. 
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æ

è
ç
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÷    (19) 

		
I k ,z( ) =2S k( ) r

01
k( ) cos 2kz +f

01( )  (20) 

where 𝑆(𝑘) is still the power spectral density of the source at wave number 𝑘, |𝑟01| is the amplitude reflection 

coefficient of the sample surface and ϕ01 is the phase shift due to the reflection. In the case where the ray is 

refracted, the exit angle θs is calculated using the Snell-Descartes’s law. 

		
q

s
= arcsin nsin q

f( )é
ë

ù
û
   (21) 

If this angle is lower than the maximum angle the objective can collect, then the ray is taken into account for the 

calculation of the interference signal. Otherwise, the ray is lost, and the interferometric signal is as simple as Eq. 

20. The maximum angle of collection is obtained from the NA of the objective: 

		
q
max

= arcsin NA( )    (22) 

For the exact calculation of the optical path, it is necessary to sum all the distances di traveled by the ray before 

Eq. 16 is fulfilled. Of course, it is necessary to pay attention to the last value df that can be much larger than the 

distance needed for the ray to emerge from the layer. In order to determine the real distance df traveled by the 

ray before reaching the sample surface, we calculate the distance Xf, orthogonal projection of df over Z and 

satisfying Eq. 23, and subsequently recalculate df from Eq. 24. 

		
X

f
=2e - X

i
i=1

f -1

å   (23) 
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The total optical path traveled by the ray is then: 

		
D = n d

i
i=1

f

å   (25) 

We recall that the interference phenomenon can only take place within a certain area, known as the focal 

volume, beyond which the interference fringes are totally attenuated. It is therefore necessary to multiply each 

signal contributing to the formation of the final interference signal by the spatial coherence envelope of the 

system, which is defined by a cardinal sine function [34]. Finally, the signal corresponding to one ray collected 

by the objective is: 
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with p the number of times the ray interacts with the rear surface. The complete construction of the 

interferometric signal is then performed by summing the N rays for each wavelength λ, and then adding the 

contribution of each wavelength in the spectrum. 

     (27) 

where 𝐼(𝑘, 𝑧)(𝑙) is written either using Eq. 20 or Eq. 26 depending on the case. 

2. Modeling of the interference signal in a scattering medium and validation of the model 

The model developed has been applied to generating the interference signal of a 50 µm thick scattering layer for 

a different anisotropy factor g and different scattering coefficient µdiff. The sample simulated is a layer of PDMS 

(polydimethylsiloxane) deposited on a silicon substrate. PDMS is a transparent material having an almost 

constant refractive index (~1.4) throughout the entire wavelength range considered (500-1000 nm). Silicon is an 

ultraviolet absorbing material whose index varies between 4 and 3.7 in the 500-1000 nm spectral range. Fig. 23 

(a) shows the interferometric signal of the same layer without scattering, used as a reference. For Fig. 23 (b-e), 

we simulate the action of adding scatterers into the layer, which leads to the following properties: 

• (b): g = 0.75 and µdiff = 160.10-4 µm-1 (ldiff = 62.5 µm) 

• (c): g = 0.75 and µdiff = 400.10-4 µm-1 (ldiff = 25 µm) 

• (d): g = 0.6 and µdiff = 160.10-4 µm-1 (ldiff = 62.5 µm) 
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• (e): g = 0.2 and µdiff = 160.10-4 µm-1 (ldiff = 62.5 µm) 

The sets of parameters in (b) and (c) enable the observation of the interference signal for the cases of mean and 

high scattering. These values were chosen in relation to the data listed in [45] which provides the parameters g 

and µdiff for different kinds of biological tissues. The value of g was fixed to 0.75 so that only the influence of 

µdiff was observed. The value of 0.75 represents the average of the anisotropy factor in biological tissue, where it 

generally varies between 0.6 and 0.9. An attenuation in the amplitude of the rear face interferogram (PDMS-

silicon interface) can be noticed as the concentration of scatterers increases. In order to study the dependency of 

the interferometric signal with the anisotropy factor, the scattering coefficient was set to 160.10-4 μm-1. The 

signal was simulated for g = 0.6 and g = 0.2. Once again, we noticed that decreasing the anisotropy factor leads 

to an attenuation of the amplitude of the second interferogram. 

It is worth noting that this quite simple approach makes it possible to calculate the maximum imaging depth of a 

scattering sample characterized from its parameters g and µdiff. This maximum imaging depth is defined as that 

where the amplitude of the rear interface interferogram completely vanishes. If the layer studied is also subject 

to important absorption effects, leading to even faster attenuation, it would suffice to include the exponential 

decay term given by the Beer-Lambert law into the expression of I(k,z) which can be performed very easily in 

the program. 

 

 

 

Fig. 23.  (a) Simulation of the interferometric signal of the 50-μm PDMS layer without scattering. The signals 

are normalized with respect to the maximum intensity of the most contrasted interferogram. (b-c-d-e) Evolution 

of the signal of the layer for different scattering properties. (b) μdiff = 160.10-4 μm-1 and g = 0.75. (c) μdiff = 

400.10-4 μm-1 and g = 0.75. (d) μdiff = 160.10-4 μm-1 and g = 06. (e) μdiff = 160.10-4 μm-1 and g = 0.2. 

In order to verify the proper functioning of the program, simulations were compared to experimental 

measurements. The samples analyzed were manufactured within the laboratory and consist of a layer of PDMS 

deposited on a silicon substrate, in which particles of titanium dioxide (TiO2) were added at different 
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concentrations. These particles are often used to simulate the scattering effects occurring in biological tissues. 

Three layers of PDMS, each 100 µm thick, were made. The samples contain TiO2 particles at concentrations of 

1 mg/mL, 2.5 mg/mL and 5 mg/mL respectively. Using the protocol developed in our team and in the work 

provided in the literature [49], the correspondence between the TiO2 concentration and the scattering coefficient 

was obtained. Regarding the factor of anisotropy, its value was not precisely calculated. However, a basic test 

was performed to roughly determine its order of magnitude. This test consisted in illuminating the sample at a 

45° incidence and then observing the reflection and scattering of light by the sample. Indeed, the lower g is, the 

more the scattering spot is extended. Using a screen, two spots were observed because of the reflections on the 

front and back interfaces of the layer. The first spot, due to the reflection on the surface, was a one-off and very 

bright spot. The second spot was far more expanded, tending to indicate a relatively low value for g, but 

nevertheless not expanded enough to suggest a scattering close to the Rayleigh regime (g = 0). It is obvious that 

this test was not sufficiently accurate to give the real value of g but still enables us to estimate it to be around 

0.4-06. It can be noted in the literature that methods are continuously being developed for accurately measuring 

the value of the anisotropy coefficient. These are mainly based on goniometric measurements [50, 51]. 

Experimentally, a temporal averaging of 4 images at each piezoelectric step was used for recording the 

interferometric images. The simulation of the interference signal of the studied scattering layer (µdiff was set 

according to the TiO2 concentration) made the analysis of the PDMS-silicon interface reflectance spectrum 

possible. Using the same method, the spectrum was measured from the processing of the experimental signal. 

Both spectra are plotted in Fig. 24 and are compared to the theoretical reflectance spectrum of the interface. By 

using a value for g of 0.55, we found out that the three simulated spectra (red curves) matched very well with 

the three experimental spectra (blue curves). The high consistency between the results for each of these three 

different samples demonstrates the feasibility of the proposed approach for modeling an interferometric signal 

from a scattering layer. However, the gap between these results and the theoretical spectrum (black curve) 

shows that because of the scattering, it is no longer possible to perform an error-free spectral analysis. 

 

Fig. 24.  Reflectance spectrum of the PDMS-silicon interface for different TiO2 concentrations. (a) 1mg/mL. (b) 

2.5 mg/mL. (c) 5 mg/mL. The black curve represents the theoretical result, i.e. without scattering. The red 

curves are the results from processing simulated interference signals. The anisotropy factor is set to 0.55. The 

blue curves and grey areas are the experimental average results and standard deviations over 10 measurement 

points respectively. 
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2. Effect of scattering on the characterization accuracy of particles 

Despite the normal incidence of the light onto the sample, it was observed that the scattering leads to an 

attenuation of the interference signal. This is directly related to the decrease in the number of ballistic photons 

and is then an inevitable phenomenon being inherent to any scattering sample. We saw that this amplitude loss 

leads to significant errors in the spectral analysis and could therefore subsequently prevent the process of 

recovering the optical and morphological properties of a particle within such media. In this section, the program 

developed was used and adapted to suit the case of a spherical particle immersed within the depth of a scattering 

layer. The anisotropy factor and the scattering coefficient were set to 0.6 and 500 cm-1 respectively, enabling the 

description of a highly scattering medium. A spherical particle with a diameter d = 5 μm and a constant 

refractive index np = 1.45 is considered. It is located at a depth of e = 40 μm within the layer whose index is 

assumed to be equal to that of water n = 1.33.  

 

 

Fig. 25.  (a) Simulation of the interference signal of the particle included in the scattering layer. The signal of the 

particle is zoomed and represented in the upper frame. (b) Backscattering spectrum of the particle. 

 

 

The simulated interference signal as well as the backscattering spectrum of the buried particle is plotted in Fig. 

25. In the same way as in section 4.C, the Levenberg-Marquardt algorithm and the minimization of the error 

function through the least squares method are used to recover the particle properties. 

 

• Unknown refractive index and diameter 

The simultaneous measurement of the index and the size of a single spherical particle through one spectral 

measurement is possible, as it has been demonstrated in section 4.C. Nevertheless, even in the case of a simple 

transparent layer, the precise determination of the index turned out to be quite difficult as it is very sensitive to 

any noise-induced spectrum amplitude variations. Given the significant attenuation of the backscattering 

spectrum oscillations, it seems very complicated, even impossible, to determine the correct refractive index of 

the particle. This hypothesis was verified by applying the optimization procedure to the model defined by Eq. 6. 
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As expected, the simulated backscattering spectrum (black curve) has a strongly attenuated amplitude compared 

to the theoretical spectrum (blue curve).  

 

Fig. 26.  Comparison between the simulated spectrum and the model defined by Eq. 6. The blue curve uses the 

actual diameter and optical index of the particle. The red curve uses the diameter and the index obtained from 

the minimization of the function χ. 

Following the optimization procedure, the red spectrum is obtained and fits well to the simulated spectrum. 

However, the values found using the minimization of the error function are d = 5.387 μm and np = 1.346, which 

are far from d = 5 μm and np = 1.45. The wrong measurement of np further brings errors in the determination of 

the diameter. 

•  Known refractive index and unknown diameter 

Nonetheless, assuming the value of the index known, the measurement of the diameter is still worth 

considering. Indeed, the parameter of interest for the determination of the size only lies in the frequency of the 

spectrum oscillations. This time, the index of the particle is set to 1.45 and the model only depends on d. Using 

the optimization procedure, the error function is found to be minimal for a diameter of 2.941 μm. This value 

does not match at all to the diameter of the particle, set to 5 μm. This difference could be explained by the large 

gap in amplitude between the spectra. Indeed, as it is observed in Fig. 27 (b), the error function varies between 

8.6.10-3 and 9.8.10-3, resulting in an almost identical error regardless of the diameter used in the model. The 

minimization of this function can thus lead to an aberrant value. 

 

Fig. 27.  (a) Comparison of the simulated spectrum with the model defined by Eq. 6. The blue curve uses the 

actual diameter of the particle. The red curve uses the diameter obtained from the minimization of the error 

function χ, which is represented in (b). 
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To avoid this problem, we decided to normalize each spectrum. This allows the error function to focus on the 

frequency of the peaks and not on their amplitude. The fact that each peak of the simulated spectrum has a 

random amplitude is related to the scattering of light that generates noise in the interferometric signal (Fig. 25 

(a)). 

 

 

Fig. 28.  (a) Comparison of the normalized simulated spectrum with the normalized model defined by Eq. 6. 

The blue and red curves, which respectively use the real diameter of the particle and that obtained from the 

minimization of the error function χ (b), are superimposed. 

This time, the optimization procedure leads to a diameter of 4.998 μm. Thus, in spite of the high scattering, the 

diameter of the particle is accurately recovered. By knowing the value of the refractive index of the particle 

studied, it seems still possible to accurately measure the size of a spherical particle, even if this one is located 

within a scattering medium. In this case, we have seen that a normalization of both the measured and the 

modeling spectra was required. However, we have no doubt that the creation of a new model that would take 

into account the effects of scattering occurring in the sample (and absorption if required) would allow to 

simulate the backscattering spectrum of the bead even more precisely, and therefore to match the modeled and 

experimental spectra without the light scattering-induced errors. The simultaneous measurement of the size and 

refractive index would be still worth considering. Apart from the use of a new model, the other possible 

improvements, which correspond to our future work, would be to significantly reduce the noise by using, for 

example, a cooled camera featured by a very low noise and high quantum efficiency [52]. 

Conclusion 

In this complete work, we have demonstrated Coherence Scanning Interferometry to be a very interesting and 

promising tool for the study of spherical particles. We focused on structures having a size such as the optical 

path is greater than the coherence length of the light source used, therefore allowing an easier post-processing 

and analysis. The method gathers several significant advantages whose key points are recalled hereafter. Being 

spatially 3D-resolved, it allows not only to detect and resolve micro and sub micro particles buried within the 

depth of a transparent sample, but also to discriminate them, even among high density sample, with an axial and 

lateral resolution of about 0.8 µm and 2.8 µm respectively. While not being its first benefit, the method does not 

require excessive long acquisition times since only one scanning along Z is operated with a duration that 

depends on the thickness of the sample. Thanks to the one-point measurement feature of interference 
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microscopy and digital signal processing, our method is then very fast and only takes a few seconds. Its best 

asset lies in the ability of recovering quantitative information about these structures with a good accuracy. As a 

matter of fact, we have demonstrated the possibility of extracting simultaneously the diameter and the refractive 

index of beads, without any prior knowledge on their features. Despite using a simplified backscattering model 

and the very low index contrast between the beads and the surrounding medium (0.1 for polystyrene beads and 

0.03 in the case of silica) resulting in a rather weak quality of the interference signals, the results are satisfactory 

in terms of precision with the determination of the size of the beads being very often conclusive. However, we 

have shown an important correlation between the measurement accuracy of the refractive index and the signal-

to-noise ratio that may result, in some cases, to a wrong interpretation of the recovered spectrum and lead to 

aberrant values of the bead properties. The proposed method has been extended for analyzing structures 

contained in scattering media and its performances studied theoretically. In this particular case, we demonstrated 

that the use of our simplified backscattering spectrum model only allows the recovery of the particle size 

assuming its refractive index to be already known. With the further improvements suggested, we nonetheless 

think that this method could be used for disease detection in a complex biological environment as it would 

enable the identification of structures based on both their size and optical index whose modification is often an 

indication of health issues. 
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