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This study investigates the impact of finite size effects on the transmission of electromagnetic waves
through a defected, perforated two-dimensional waveguide. The research focuses on how transmission
characteristics are affected by the number of perforations surrounding a point defect. As the number of
perforations increases, the waveguide gradually acquires properties similar to those of an ideal photonic
crystal. However, unlike the infinite photonic crystals often assumed in theoretical models, our waveguide
has finite dimensions, leading to unique boundary effects. The paper outlines the thresholds at which
the finite size effects become prominent, analyzing their influence on wave propagation and transmission
efficiency. Theoretical analysis is employed to identify critical points where the finite size alters expected
outcomes, providing a deeper insight into the practical limitations and design potential of photonic
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waveguide-based devices.
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1. Introduction

Waveguides are a key element in technologies re-
lated to electromagnetic wave propagation, from
optical communication to microwave devices [1-4].
One of the important research aspects in this field
is the influence of the size and geometry of waveg-
uides on their transmission properties and band [5].
In particular, perforated waveguides with material
defects are becoming the subject of intensive re-
search, because they offer the possibility of control-
ling wave propagation by precisely adjusting geo-
metric and material parameters [6-9]. Perforations
introduced into waveguides allow for the manipu-
lation of electromagnetic waves, enabling selective
transmission in selected frequency ranges, which
finds application in filters, sensors, and scattering
control structures. Adding defects to such struc-
tures allows for local modification of band proper-
ties, which can be used to design advanced photonic
components.

Here, special attention is paid to the finite size ef-
fects in a perforated waveguide with a defect. Such
a defect is based on a disruption in the continu-
ity of the electric field permittivity by the local in-
troduction of a material with different parameters.
This, in turn, leads to a change in the local disper-
sion of electromagnetic waves and can result in the
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formation of localized modes within the waveguide.
Such structures are analogous to photonic crys-
tals, where the band transmission properties result
from a periodic modulation of the refractive in-
dex [10, 11]. The aim of this study is to analyze the
influence of the number of perforations and the re-
sulting size of the waveguide on the electromagnetic
transmission and the band structure. In particu-
lar, the authors focus on determining how a local
material change affects these properties in a finite
length waveguide. The results can serve as a basis
for the design of more efficient waveguides with re-
gard to applications in photonic and microwave en-
gineering, as well as for various applications in com-
munication systems, sensors, and other electronic
devices.

2. Computational details

Finite-difference time-domain (FDTD) is one of
the most commonly used tools for simulating elec-
tromagnetic wave propagation in complex struc-
tures [12, 13]. Its popularity stems from the direct
implementation of Maxwell’s equations in discrete
form, which allows for modeling the time—space evo-
lution of the electromagnetic field in materials with
different properties.
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The basic Maxwell equations in the form used in
the FDTD method express the dependence of the
electric field variables E and magnetic field H as
follows
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where € is the electric permittivity, u is the mag-
netic permittivity, and o is the electrical conduc-
tivity.

The FDTD algorithm is based on the discretiza-
tion of space and time, using the Yee grid, which
allows for separate calculation of the E and H
fields in successive time steps. The advantages of
the FDTD method include the ability to model non-
linear and anisotropic materials and the analysis
of dispersion and losses in periodic structures. The
main FDTD discretization in the form of Maxwell’s
equations is expressed as
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where n is the time index; ¢, j, k — spatial indices
of the grid; At — time step; Az, Ay, Az — spatial
steps in z,y, z directions; ¢ — electrical permittiv-
ity; p — magnetic field permeability; o — electric
field conductivity.

The simulation domain consists of a two-dimen-
sional waveguide with permittivity of €¢,=11.8 im-
mersed in an environment of ¢, = 1. The entire cell
is surrounded by an absorbing perfectly matched
layer (PML), the thickness of which is selected to
minimize the reflection of electromagnetic waves to-
wards the waveguide. The computational domain
schematic is shown in Fig. 1. All calculations were
performed using the Meep package, in which, be-
cause the speed of light is set to ¢ = 1, frequency
units are dimensionless and are expressed in recip-
rocal of the normalized length. A Gaussian pulse
source with a central frequency of F,; = 1 with the
spread of +0.15 was placed within the waveguides
to investigate the frequency response of both defec-
tive and pristine waveguides. This corresponds to
the near-infrared range (NIR). Then, the waveguide
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Fig. 1. Schematic diagram of the computational
domain, where d = 1, r = 0.2, W = 4.8, width
of waveguide W,, = 1.2 um, and length L varies
with increasing perforation number.

length was systematically increased from 14, 18, 24,
28 to 32 um, which corresponded to a total number
of perforations N of 10, 15, 20, 25, and 30. Exactly
in the middle of the waveguide, a defect (eq = 5)
was placed, with geometric dimensions identical to
the perforations (r = 0.2um).

3. Results and discussion

In Fig. 2, transmission spectra for waveguides
with varying perforation numbers without defects
are presented. Instead of a central defect, a contin-
uation in perforations is preserved. The figure shows
the dependence of the electromagnetic wave trans-
mission (in normalized form, expressed in percent-
age) on the frequency expressed in units of 27c/a,
for waveguides with different numbers of perfora-
tions N (11, 16, 20, 26, 31). The lines represent
the results for different values of N, and the con-
tinuous line (black) shows the reference transmis-
sion characteristic for the waveguide without de-
fect. As the number of perforations increases, a
clear reduction in transmission is observed. This is
in line with expectations, since a larger number of
perforations increases the system loss and its im-
pact on electromagnetic wave propagation. The po-
sitions of the main transmission minima and max-
ima remain largely constant regardless of the num-
ber of perforations. This indicates that the waveg-
uide band structure is stable with respect to the
number of perforations, and the changes are primar-
ily related to the transmission amplitude. Moreover,
the transmission spectrum shows clearly defined
minima and maxima, demonstrating the presence
of resonances and effects related to the interaction
of the wave with the waveguide geometry. Also,
transmission characteristics for the waveguide with-
out defect (N = 11 treated as a reference case)
show clearly higher transmission values, especially
in the lower frequency range. For larger N, the
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Fig. 2.

Transmission spectrum for ideal waveguide structures with a varying number of perforations NV without

a defect. The transmission values are presented relative to the flat, non-perforated waveguide.
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Transmission spectrum for non-ideal waveguide structures with a varying number of perforations NV

with a defect in the center. The transmission values are presented relative to the flat, non-perforated waveguide.

transmission amplitude decreases, but the fre-
quency characteristic (position of maxima and min-
ima) is close to that of the reference case.

Next, a similar analysis was performed for the
situation in which a defect was introduced into the
structure. In Fig. 3, the dependence of electromag-
netic wave transmission on frequency in a perfo-
rated waveguide is shown. A waveguide defect was
introduced, replacing one of the perforations with
a material with a different electrical permittivity
coefficient (e = 5). The number of perforations N
in each analyzed structure was reduced by 1 com-
pared to the structure without a defect, which is in-
cluded in the designations (N = 10, 15, 20, 25, 30).
The presence of a defect notably affects the trans-
mission. Compared to a waveguide without a de-
fect, new features appear in the frequency response,
such as a shift or modification of transmission max-
ima and minima (visible especially at the begin-
ning and end of the spectrum). The defect also
causes larger changes in the transmission amplitude
in some frequency ranges (near 1.00 2wrC/a), which
indicates a stronger interaction of the electromag-
netic wave with the local change in material prop-
erties. As in the case of the defect-free structure,
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increasing the number of perforations (N) causes
an overall decrease in transmission. This is due to
the increased losses in the structure and the more
complicated interaction of the wave with the larger
number of perforations. Nevertheless, the positions
of the main transmission minima and maxima re-
main relatively stable, suggesting that the influence
of the defect mainly concerns local effects near the
site of the modified perforation insertion. In the
range of f =~ 0.95, the transmission still drops to
very low values, similar to the structure without
the defect. More visible differences in transmission
appear in the area of f =~ 1.0 and f =~ 1.1, de-
pending on the number of perforations, which may
be the effect of stronger dispersion in the presence
of the defect. Compared to the structure without
the defect, it is noticeable that local disturbances
are introduced in the transmission characteristic.
In particular, the transmission amplitudes change
in selected frequency ranges.

Figure 4 shows the spatial distribution of the elec-
tric component E, of the electromagnetic field in a
defect-free waveguide consisting of N = 10 perfo-
rations. The positions of the holes are marked with
green circles, and the colors on the map indicate
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Electric field component E; for waveguide without defect
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Fig. 4. Distribution of the electric component E,
of the electromagnetic field in the perfect waveguide
and in its immediate vicinity for N = 10 perfora-
tions (green round markers).

the values of the F, component, according to the
legend (blue areas correspond to positive values,
red to negative values). The electric field distribu-
tion F, is almost symmetrical about the y axis and
also demonstrates symmetric features on the sec-
ond axis. The symmetry indicates that the waveg-
uide geometry and material do not introduce sig-
nificant interferences to wave propagation in this
case. By analyzing this image, it can be seen that
the electromagnetic fields are particularly strongly
concentrated near the perforations (green circles)
and in the area between the perforations and the
waveguide boundaries. In these places, local reso-
nances and field scattering occur, which affects the
propagation characteristics. Outside the waveguide
region, the F, field values are much smaller, indi-
cating an effective concentration of electromagnetic
energy in the waveguide region. The periodic nature
of the electric field distribution along the z axis is
visible, which results from the interference of the
electromagnetic wave within the periodic structure
of the waveguide.

In the case of N = 15, the symmetry about the
y axis is largely preserved, similarly to N = 10, but
the influence of the defect is more local and less
intense. The field pattern around the perforations
outside the defect region is more ordered than in the
case of N = 10. This indicates a greater influence
of the structure periodicity on the wave propaga-
tion in the case of a larger number of perforations.
Compared to N = 10, the structure shown in Fig. 5
shows that increasing the number of perforations
reduces the effect of the defect on the field distribu-
tion, and the structure becomes more periodic and
homogeneous.

Figure 6 shows the spatial distribution of the elec-
tric component E, of the electromagnetic field for
a perforated waveguide with NV = 10 perforations,
with one perforation replaced by a material with
a different coefficient of ¢ = 5. The location of
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Electric field component E, for waveguide with perforations
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Fig. 5. Distribution of the electric component E.
of the electromagnetic field in the defected (red
round marker) waveguide and in its immediate
vicinity for a waveguide with NV = 15 perforations
(green round markers).
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Fig. 6. Distribution of the electric component E.
of the electromagnetic field in the defected (red
round marker) waveguide and in its immediate
vicinity for a waveguide with N = 10 perforations
(green round markers).

this defect is marked with a red circle, while the
other perforations are marked with green circles.
The introduction of the defect leads to noticeable
changes in the local electromagnetic field distribu-
tion near the red circle. The fields around the de-
fect are clearly more concentrated compared to the
symmetric distribution in the case of the waveguide
without the defect. Despite the local perturbations,
the overall symmetry of the field distribution about
the y = 0 axis is largely preserved, indicating that
the defect mainly affects local resonances. It can be
seen that the defect introduces disturbances in the
periodic nature of the field distribution, causing lo-
cal shifts in the nodes. These disturbances indicate a
change in the propagation conditions of waves near
the defect, but the fields are still concentrated near
the perforations. The intensity of these interactions
is slightly lower compared to the case without the
defect. It can be seen that the defect modifies the
flow of electromagnetic energy in the waveguide.
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Fig. 7. Two-dimensional k-space band structure
for a defect-free waveguide with N = 10 perfora-
tions, obtained using spatial FFT analysis.
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Fig. 8. Two-dimensional k-space band structure
for a defected waveguide with N = 10 perforations,
obtained using spatial FF'T analysis.
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Fig. 9. Two-dimensional k-space band structure
for a defected waveguide with N = 25 perforations,
obtained using spatial FF'T analysis.

Increasing the number of perforations to N = 15
(Fig. 5) causes a larger field scattering in the whole
structure. It can be seen that the field intensity in
the defect region (red circle) is lower compared to
the waveguide with N = 10. The field distribution
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Fig. 10. Two-dimensional k-space band structure
for a defected waveguide with N = 30 perforations,
obtained using spatial FFT analysis.

along the x axis becomes more periodic, indicating
a more uniform propagation in the structure with
more perforations. This is because the number of
perforations increases and the number of defects re-
mains unchanged.

Next, we conducted the Fourier transform anal-
ysis (FFT), which allows for the identification of
dominant spatial frequencies in the reciprocal space
(kz, ky) and the characteristics of the symmetry and
periodicity of the structures. The two-dimensional
Fourier transform of the spatial distribution of the
electromagnetic field in perforated waveguide sys-
tems is shown in Fig. 7 for a waveguide without
a defect (N = 10 perforations) and in Figs. 8-10
for waveguides with a centrally introduced defect
(N =10, 25, 30 perforations + defect).

The spectrum in Fig. 7 shows high symmetry
about the center (0,0), and the presence of sym-
metric rings around the center indicates periodic
properties of the defect-free system.

In the case of waveguides with a defect, a change
in the spectral symmetry is visible. For N = 10
(Fig. 8), the symmetry is partially disturbed, espe-
cially in the central ring region, which highlights the
influence of the local change in the structure (de-
fect) properties. For N = 25 (Fig. 9) and N = 30
(Fig. 10), the symmetry is more preserved, which
may be due to the more dominant influence of the
periodicity of the larger number of perforations,
which mask the influence of the defect.

In the defect-free structure, distinct concentric
rings around the central point indicate well-defined
periodicities of the waveguide structure. Bright
spots on the rings are proportional to the domi-
nant components of the wave vectors k; and k,. In
contrast, for the structures with the defect N = 10,
the central ring is more diffuse, which shows that
the defect introduces local perturbations in the pe-
riodicity. For N = 25, the bright bands around the
center start to be better defined compared to the
case of N = 10, which means that a larger number
of perforations restores the dominant periodicities.
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When N = 30, the bands of the dominant compo-
nents become more similar to the case without the
defect (Fig. 7), which indicates that the influence
of the defect decreases in structures with a larger
number of perforations.

4. Conclusions

The reduction of transmission with a larger num-
ber of perforations is a key effect of the finite size of
the waveguide. It is the result of the local interaction
of the electromagnetic wave with a larger number
of local inhomogeneities introduced by the perfo-
rations. The stability of the positions of maxima
and minima in the transmission spectrum suggests
that the design of such structures can be effective
in applications requiring selective wave attenuation
while maintaining specific propagation frequencies.
The general trend leads to the conclusion that with
the increase in the number of perforations, the role
of the defect is smaller and smaller. The differences
in the spatial FFT character for N = 25 and N = 30
are much smaller than for the lower number of per-
forations, and the features present for the first of
the mentioned structures are preserved for the sec-
ond one. This allows us to conclude that for the
number of perforations N = 25, there is a threshold
above which only small changes in the transmission
and band structure can be expected for the investi-
gated waveguide, and further changes in the number
of perforations will only lead to a reduction in the
amplitude of electromagnetic (EM) wave transmis-
sion.
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