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Abstract. We present a novel fast simulation approach to simulate the influence of refractive freeform
microstructures on a wave field. The FRISP (Finite Refractive Index Selective Propagation) method combines
the Rayleigh-Sommerfeld diffraction integral with a thin element approximation and provides a comprehensive
framework for understanding the optical properties of these microstructures. The main advantage of this method
is its reduced complexity, which leads to a remarkable reduction in computation time by more than two orders of
magnitude compared to finite-difference time-domain (FDTD) methods. This efficiency facilitates the iterative
optimization of refractive microstructures and thus represents a practical tool to improve this type of microstruc-
tures. The verification of the FRISP method is realized by comparing the focal position and spot size of refractive
microstructures. For this purpose, we compare FDTD, Mie theory and experimental data on microspheres
with the predictions of FRISP. This comparison demonstrates the robustness and reliability of the approach,
emphasizes its validity and demonstrates it as a valuable tool for the design and analysis of microstructures.
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1 Introduction

In the field of nanophotonics, the precise control and
manipulation of light is of key relevance. Here, photonic
nanojets represent a well described and demonstrated
method of diffracting light below the classical diffraction
limit [1–3]. For the generation of photonic nanojets, typi-
cally dielectric microspheres or other nanostructures are
used. In order to understand and realize photonic nanojets’
potential, sophisticated and time-efficient simulation
techniques play a crucial role. The simulation of photonic
nanojets is typically based on a numerical solution of
Maxwell’s equations. In the case of spherical elements,
Mie theory [4] offers a suitable and efficient basis for under-
standing the interaction of light with circular symmetric

dielectric structures and the formation of photonic nanojets
[5, 6]. Microstructures which are not spherical require more
involved methods such as Finite-Difference Time-Domain
(FDTD) simulation [1, 7, 8]. The shape of microstructures
is a significant parameter for the properties of photonic
nanojets, especially in terms of the size and position of
the focus spot of the nanojet [6, 8–10]. For the purpose of
shape optimization it would be very important to simulate
a large number of different geometries in a short time and
optimize the shape of the micro structures to achieve the
expected properties. As explained above, Mie theory is
limited to circular symmetric structures [5]. In the case of
more complex structures or cylinders, usually FDTD meth-
ods are used to solve Maxwell’s equations. A disadvantage
of these methods is the high computational effort and the
resulting computation times of several hours for each struc-
ture [11]. The approach is thus not practical for numerical
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optimization procedures that employ a significant amount
of parameter variations.

In this paper, we present a novel approach for the fast
simulation of the influence of a refractive free-form micro
structure on a wave field based on scalar diffraction theory.
Our approach is based on the Rayleigh-Sommerfeld diffrac-
tion integral which is a powerful tool to exactly calculate
the propagation of wave fields even in the near field regime.
We also incorporate a thin element approximation to the
diffraction integral, to propagate the wave field through
successive slices of the refractive element. The method
allows us to predict the wave field in the near-field region
of the refractive elements. Additionally, by incorporating
the thin element approximation, we can simplify the
mathematical complexity of the problem, making the
method more accessible for practical applications. Our
approach therefore provides a reduced computational time
compared to conventional methods such as Mie theory and
FDTD-simulations.

In order to demonstrate the suitability of the FRISP
approach, comparisons with simulations of photonic nano-
jets shown in the literature based on FDTD-simulations
[8, 12] and measurements on real micro-spheres are shown.
Due to the reduced computation time, the effect of devia-
tions between the desired and the real geometry of
microstructures can be determined using suitable parameter
studies.

2 Scalar diffraction theory applied to micro
structures

2.1 Modeling

The FRISP approach is based on scalar diffraction theory,
in which the propagation can be described by the Rayleigh-
Sommerfeld diffraction integral [13]. The validity of the
scalar diffraction theory for determining the focusing prop-
erties of microstructures is based on the assumptions that
the microstructures have a homogeneous predefined refrac-
tive index distribution and that the focusing properties
are independent from polarization (birefringence). The
Rayleigh-Sommerfeld diffraction integral can be used to
calculate the near-field behavior of light when it interacts
with apertures, lenses or refractive elements using [13]

Uðx; yÞ ¼ 1
ikz

ZZ 1

�1

Uðx 0; y0Þe�ikr

r
cos h dx 0dy0; ð1Þ

whereU(x, y) is the complex amplitude of the diffracted field
at the observation plane, U(x', y') is the complex amplitude
of the source field, k is the wavelength of the light, z is the dis-
tance from the source to the observation plane, x', y' are the
coordinates of the source field, x, y are the coordinates of the

observation point, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x 0Þ2 þ ðy � y0Þ2 þ z2

q
is the dis-

tance between the observation point and the point on the
source plane, k = 2p/k is the wave number and h the angle
between the wave vector and the z-axis with which the
source field arrives at the image plane. The near-field
zone can include any propagation distance between the

evanescent field region and several wavelengths. The
Rayleigh-Sommerfeld diffraction integral may be challeng-
ing to solve in a closed-form solution, but it can be solved
numerically using methods such as the fast Fourier trans-
form (FFT) [14] or assuming suitable boundary conditions
to simplify the calculations [15].

In our case, the solution of the Rayleigh-Sommerfeld
diffraction integral is calculated by a plane wave decompo-
sition without the use of any simplifications apart from the
assumptions described above. As the propagation distance
is in a range of Dz � k, we can not use the Fresnel approx-
imation. The plane wave decomposition for the free-space
propagation is calculated via the transfer function in the
frequency domain

Hðmx ; myÞ ¼ exp i 2p�z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
k2

� m2x � m2y

r" #
; ð2Þ

where mx and my are the spatial frequencies, k the wavelength
of the light and Dz the propagation distance [13]. As a result
of the very small propagation distances and thus the
evanescent waves we are dealing with, no cutoff frequency
occurs as in the case of propagation with Dz� k. The trans-
fer function does therefore not only account for the propa-
gation of far field modes but also evanescent field
components. Determining the transfer function in frequency
space makes it easy to choose the field components that are
taken into account in the calculation by filtering space fre-
quencies using high-pass, low-pass, or band-pass filters [13].
This procedure enables us to calculate and evaluate only
the propagation of evanescent field components. Further-
more, this procedure can be used for the evaluation of the
optical properties of the simulated structures, especially
for an optimization of the shape of the surface. However,
there are limitations compared to FDTD or Mie theory-
based simulations, because back scattering effects are not
considered in scalar diffraction theory and thus cannot be
described in the proposed approach.

2.2 Calculation of wave propagation using 2D-slicing
of 3D-structures

In order to compute the effect of a 3-dimensional (3D)
dielectric micro structure on a wavefront with scalar diffrac-
tion theory methods, the model domain is divided into
separate layers with a layer thickness Dz � k. Figure 1(a)
shows a schematic illustration of the segmentation of the
3D simulation environment intoM layers (b) and the calcu-
lation sequence for a layer with 2 different refractive indices
n0 and n1.

The numerical calculation of the Rayleigh-Sommerfeld
diffraction integral subsequently determines the effect of
these layers on the wavefront. The effect on the wavefront
is determined for all refractive indices separately and then
the resulting wavefront for the entire layer is compiled
according to the regions with different refractive indices.
For each occurring refractive index, the propagation over
the distance Dz is determined by free space propagation
for this layer. Then the result of this propagation is assigned
to the area inside the layer that corresponds to this refrac-
tive index. The procedure is repeated for all refractive
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indices to calculate the wavefront behind the actual layer at
the distance Dz. The individual refractive indices can also
be complex and contain an individually defined absorption
for each refractive index. An individual absorption was,
however, not taken into account for the validation
described in the following sections. The 2-dimensional
(2D) wavefront is subsequently stored in a stack to generate
the 3D wavefront information. This procedure is then
repeated for all M layers. In each case, the wavefront of
the previous layer is used as the input wavefront for the
currently calculated layer.

Figure 2 shows a flow chart of the simulation of the
entire structure and their influence on the wavefront.
The calculation of the influence of the refractive index
distribution on the wavefront is performed in two loops.

An outer loop calculates the influence of a complete layer
on the wavefront at a distance Dzwhile the inner loop calcu-
lates the influence of the different refractive indices inside
the layer.

3 Simulation results and experimental
verification

3.1 Intensity calculation and validation

To validate the introduced FRISP method for the computa-
tion of focusing properties of optical micro structures with a
size in the single- to double-digit micrometer range by
methods of coherent optics, a comparison of different simu-

Figure 1. Schematic representation of the calculation of the wavefront for a dielectric microsphere. a) Slicing the simulation volume
with a micro sphere with refractive index n1 in an environment with n0 into M separate layers with a thickness Dz. Scheme of the
calculation of the wave front Um for a layer with 2 different refractive indices (n0 and n1). In (i) the regions with different refractive
indices ni are identified. The wavefront Um�1 serves in (ii) as input wavefront and will be propagated over the distance Dz. The
propagation is determined separately for each refractive index (n0 and n1) resulting in the wavefronts Um, n0 and Um, n1. Finally, these
wavefronts will be combined in (iii) to Um.

Figure 2. Flowchart of the simulation of a 3D microstructure with N different refractive indices ni and M layers with a layer
thickness Dz. During the calculation of the 3D wave front stack, there are 2 loops. The outer loop (bold lines) represents the
propagation of the M layers (see Fig. 1a)). The inner loop is used to calculate the wavefront Um with several refractive indices ni (see
Fig. 1b)).
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lations published in the literature is shown in the following.
To validate the FRISP method, we started our analysis by
using a microsphere characterized with a fixed diameter of
10 lm, while systematically varying its refractive index.
This scenario, previously explored by Zhou et al. in their
seminal paper [12], was investigated using FDTD simula-
tion within the CST MWS software package.

Figure 3 visually compares results derived from the
FDTD-based simulations in the paper from Zhou et al
(a–d) and our approach (e–h) based on the Rayleigh-
Sommerfeld diffraction integral and a layer-wise propaga-
tion. The visual representation in the figure shows a striking
consistency for the focal width and position of the focal spot
between the two methods. This compelling agreement
underscores the effectiveness and accuracy of the FRISP
approach in capturing the intricate optical nuances associ-
ated with microsphere behavior. However, it is important
to note one difference between the simulations. The FRISP
approach lacks the capability of describing backward prop-
agation. This limitation manifests itself as a loss of energy
at the boundaries of the microsphere, which prevents the
method from calculating the interference pattern of the
backscattered light within the sphere. The influence on
the energy caused by the disregard of reflections can be esti-
mated by observations of refractive index transition. For
typical refractive index differences, the losses due to reflec-
tions are in the lower single-digit percentage range per inter-
face. Despite this difference, the overall congruence in the
essential focal characteristics highlights the practicability
of our method in realistically representing the optical
behavior of the microstructures.

In order to prove the validity of the FRISP method for
different refractive indices, the results of the work by Lee
et al. [16] based on the Mie theory were compared with
the FRISP method. The comparison results for the FWHM
are shown in Table 1. The deviations between the methods
are less than 5% over a wide range of wavelengths and
refractive indices, which demonstrates the validity of the
FRISP method.

Figure 4 illustrates the potential of the FRISP approach
by showing simulation results of a pyramidal structure

composed of two different materials. a) Shows a schematic
sketch of the simulated microstructure with 2 different
materials, b) shows the result of an FTDT simulation by
Ge et al. [8] while c) shows the result of the FRISP method.
A comparative analysis with the simulation performed by
Ge et al. [8] shows noticeable deviations in the intensity
distribution within the pyramid structure, especially below
the boundary layer separating the two materials. The
significant refractive index contrast induces back reflection
in the silicon nitrate. It’s noteworthy that the FRISP
approach, which lacks the capability for backpropagation,
results in energy loss at the boundaries within the pyramid,
specifically at the interface between silicon nitrate (left) and
silicon dioxide (right). In addition, the absence of interfer-
ence effects within the pyramid structure is a distinctive
feature observed in our simulation, which distinguishes it
from the simulation by Ge et al. These differences show
the limitations of the FRISP method with respect to
backscattering and backreflections. However, FRISP can
be used to determine the position and shape of the nanojet
generated by the microstructure.

3.2 Performance and computational time

In this study, we evaluate the computational effort associ-
ated with the FRISP method and compare it to finite-
difference time-domain (FDTD) simulations [17]. The
computational complexity of the FRISP approach depends
primarily on factors such as the number of discrete layers,
the pixel density per layer and the number of materials with
different indices. The simulation domain, tailored to the
typical scenario of studying photonic nanojets, spans
dimensions of 25 lm � 25 lm � 25 lm, with two different
refractive indices delineating the inside and outside regions
of the microstructure. Using a mesh resolution of 50 nm �
50 nm � 50 nm, the computational time of the FRISP
method implementation in MATLAB is less than 1 min.
However, the FDTD based on the Ansys/Lumerical soft-
ware package is used with a computational domain of
25 lm � 25 lm � 38 lm and a fixed mesh size of 50 nm.
In addition, perfect matched layer (PML) boundary

Figure 3. Comparison of the FRISP methode for the simulations based on Rayleigh-Sommerfeld diffraction followed by step-wise
propagation and FDTD-simulations based on [12] (� 2018 The Japan Society of Applied Physics). a) to d) results of FDTD-
simulations, e) to h) results of the FRISP method. Refractive index n = 1.3 for (a) and (e), n = 1.5 for (b) and (f), n = 1.65 for (c) and
(g) and n = 1.9 for (d) and (f) of a microsphere with a diameter of 10 lm.
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conditions are applied in all directions to reduce any bound-
ary reflections [18]. To further reduce reflections, 8 layers of
stretched coordinate PML are also used [19]. In this study,

the computation time for the FDTD simulation is almost
5 h using an HP Z400 workstation with 20 GB RAM. To
reduce the computation time, symmetric boundary condi-
tions are used instead of PML as suggested in [20].
However, the calculation time is about 85 min. In contrast,
the computational time of the proposed method with a non-
optimized implementation in Matlab is only 38 s. Conse-
quently, the proposed approach achieves a remarkable
reduction in computational time with a factor of 135. This
allows the use of (e.g. iterative) optimization methods that
take into account the dependence of the transmitted field
on the actual shape of the micro structure.

Figure 5 provides a comparison of the simulation
results between the FRISP method and an FDTD simula-
tion for a microsphere with a diameter of 10 lm and a
refractive index of n = 1.5 and a wavelength of 634 nm.
It may be seen that good agreement occurs between
FRISP results and those obtained by the FDTD. The
deviations in the intensity maps a) and b) for regions inside
the sphere are due to the backscattering effects that are not
captured by the FRISP approach. In order that the inten-
sity distributions are still comparable, the intensities were
normalized to their maximum in each case. However, the
intensity distribution profiles between the two simulations
show a very good agreement and almost identical sizes
c) and positions d) of the focal spot. The focal spot is
located at a distance of approximately 5.7 lm from the
center of the micro sphere for both methods with a devia-
tion of 2.2% between the FDTD simulation and the
FRISP method. The deviation for the Full Width at Half
Maximum (FWHM) of the focal spot is only 1% for a focal
spot diameter of 399 nm in the shown example.

Table 2 shows the specific values for the position
and FWHM of the focus spot for the example shown in
Figure 5

Furthermore, the FRISP method does not require a
complex preliminary consideration of the boundary
conditions and the design of the perfectly matched layer
environment, as is necessary for solving Maxwell’s

Table 1. Comparison of the focus point FWHM and the error between Mie-theory based simulation [16] and FRISP-
method for micro-spheres with a diameter of 5 lm, different refractive indices n and wavelength k.

Refractive index n Focus point with
calculation method

k [nm]
300 400 500 600

1.46 Mie-theory [nm] 198 256 285 354
FRISP [nm] 198 254 290 351
Deviation [%] 0.0 0.8 1.7 0.9

1.59 Mie-theory [nm] 177 220 275 330
FRISP [nm] 176 222 271 319
Deviation [%] 0.6 0.9 1.5 3.4

1.93 Mie-theory [nm] 126 160 195 216
FRISP [nm] 128 162 197 223
Deviation [%] 1.6 1.2 1.0 3.1

2.20 Mie-theory [nm] 102 120 150 186
FRISP [nm] 103 125 157 187
Deviation [%] 1.0 4.0 4.5 0.5

Figure 4. Comparison of the FRISP method for pyramidal
microstructures consisting of two different materials. a) Sche-
matic illustration of the composition of the microstructure.
b) Simulation based on FDTD-simulation [8] (reproduced with
permission from author) with L length of the nanojet and
c) simulation based on the FRISP approach. The red line
highlights the position of the highest intensity of the nanojet.
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equations with the FDTD method [17]. This leads to
additional time savings during the preparation of the simu-
lation and simplifies the consideration of correlations
between the shape of the micro structure and its intensity
distribution.

3.3 Experimental validation

In addition to the comparison with simulation results
obtained in the literature, we also compare the FRISP
approach with experimental results from measurements of
the focusing properties of SiO2 micro spheres with a
diameter of 11 lm. The measurement of the intensity

distribution of the micro sphere was performed with a Key-
ence digital microscope VHX-7000 and a Keyence zoom
objective VH-Z500T (zoom factor 5000 and NA = 0.82).
For the illumination we used a laser diode (LP637-PA70)
with a wavelength of 634 nm and a laser driver
(CLD1010) from Thorlabs.

Figure 6 shows a schematic sketch of the optical setup
for the measurement. The 3D intensity distribution consists
of 200 separate 2D images with a vertical spacing of 85 nm.
These images are then combined into a 3D stack of images.
In order to correct for any lateral displacement of the
images during the measurement process, a cross-correlation
of the successive images was carried out.

Figure 7 shows the results of an experimental
measurement and a simulation of a SiO2 microsphere with
a diameter of 11 lm. There is a strong similarity between
the experimental and simulation results in terms of focal
spot position and size. For areas inside the micro sphere
there are some deviations between the simulated and mea-
sured intensity distribution. These deviations are caused by
the effects of backscattering and reflection inside and at the
boundaries of the micro sphere, which are not modeled by
the FRISP approach. The similarity of the intensity distri-
bution for the focal region of the microstructure confirms

Table 2. Comparison of the FRISP method with FDTD
simulation of a microsphere with a diameter of 10 lm and
a refractive index of n = 1.5.

Method Position
focal spot [lm]

from sphere center

Deviation of
position [%]

FWHM
[nm]

Deviation of
FWHM [%]

FDTD 5.67 — 399 —

FRISP 5.8 2.2 396 1.0

Figure 5. Comparison of the FRISP method with a FDTD
simulation of a microsphere with a diameter of 10 lm, a
refractive index of n = 1.5 and a wavelength of 634 nm. The
normalized intensity distribution of a simulated photonic
nanojets generated by the microsphere along the propagation
axis a) for the FRISP method and b) for a FDTD simulation
with Ansys. c) Comparison of the intensity profiles at the focal
spot position along the vertical dashed lines to determine the
FWHM. d) Intensity profiles along the horizontal dashed lines
through the center of the micro sphere.

Figure 6. Schematic sketch of the optical setup for measuring
the influence of a micro sphere on the intensity distribution of a
plane wave.
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the validity of the FRISP approach for the simulation of
photonic nanojets.

4 Conclusion

We present the FRISP method based on scalar diffraction
theory which can simulate the focusing properties of
microstructures with structure sizes <50 lm and the corre-
sponding photonic nanojets in the focal plane of the struc-
ture. Compared with standard FDTD-simulations, the
computing time for such simulations with the FRISP
approach is reduced by a factor of 135 and a conventional
desktop computer can be used. In contrast with the signif-
icantly more computational-intensive FDTD simulations,
the FRISP method has the limitation that it does not con-
sider back reflections. FRISP method calculates only the
forward propagation of the light, which leads to a deviation
of the results between the FRISP method and FDTD sim-
ulations inside the microstructures. For regions outside the
structure, especially for the shape, width (FWHM) and
position of the focal spot, the FRISP method shows very
good agreement with FDTD simulations. The errors for
the focus position are in the range of 2.2% and for the
FWHM in the range of 1%.

Consequently, the FRISP approach appears very suit-
able for the efficient simulation and iterative optimization
of the focusing properties of optical micro structures, espe-
cially with respect to the geometry of photonic nanojets and
near-field applications. Referring to [21, 22], we aim to
extend the FRISP method in future work to incorporate
the analysis of backward reflecting waves.
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