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Abstract

Objectives. The work set out to investigate the possibility and effectivity of using a movable cylindrical defect with
metal pins in the design of a photonic crystal to control the frequency response of a narrow-band filter in a rectangular
waveguide having a cross-section of 23 x 10 mm in the X-band, as well as to determine the most effective methods
for controlling frequency response.

Methods. A numerical simulation of the frequency response of the filter was carried out using the openEMS software
package, which is based on Maxwell’s equations solved by the finite-difference time-domain method. The frequency
response of the currently proposed and implemented filter construction in the X-band was further investigated in an
experimental study.

Results. Numerical simulation shows that a resonant transmission peak in the stopband of the frequency response
can be causedto appear byintroducing a movable cylindrical defect having two metal pinsinto the center of a photonic
crystal structure. In addition, the position of this peak on the frequency response can be effectively controlled
by rotating the cylindrical defect around its axis. If the position of the defect remains unchanged, an increase in the
frequency of the transmission peak occurs as a result of decreasing the period of the photonic crystal. However,
the frequency of this resonant transmission peak is most strongly influenced by changes in the size of holes in the
photonic structure. These changes can be used to control both the position and shape of the transmission peak, aswell
as the overall frequency response. At the same time, the difference in transmission remains practically unchanged
when the cylinder rotates around its axis. The simulation results were confirmed by the data of an experimental study
of the frequency response of photonic crystals made from PETG plastic using 3D printing technology.
Conclusions. The proposed, designed, and manufactured experimental samples of narrow-band filters in the X-band
based on a photonic crystal demonstrated reliably variable transmission values and the possibility of controlling the
resonant peak frequency and thus the entire frequency response, including operational control. This makes them
very promising for practical use in radio-electronic equipment.
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Pe3iome

Uenu. Lenb paboTbl — nccnenoBatb BO3MOXHOCTb U 3P PEKTUBHOCTb UCMOJb30BaAHNSA B KOHCTPYKLUMM (POTOHHOIO
KpucTanna NoABUMXHOIMO LUWUIMHAPUYECKOrO AedekTa C METATMYECKUMN WTLIPSMU A5 YNPaBAeHUs aMinTyaHO-
4aCTOTHOW XapakTepncTrukon (AYX) y3konosiocHOro GpunbTpa Ha NPSMOYroflIbHOM BOJTHOBOAE C cedeHmnem 23 X 10 mm
B TPEXCaHTVUMETPOBOM AnanasoHe (X-amanasoHe), onpeaenmtb crnocobbl Hanbonee apdekTUBHOro ynpasneHuns A4X.
MeToabl. s yncneHHoro moaenmpoBanus AYX punbTpa cnosb3yeTcs nporpaMmMHbIi naket openEMS, B OCHoBe
KOTOPOro NIEXUT CUCTEMA ypaBHeHM MakcBenna, pellaemMas MeTo40oM KOHEYHbIX pa3HOCTeN BO BPEMEHHOM obna-
cTun. [poBeaeHO TakKe aKCnepMeHTanbHOEe nccnenosaHne A4X AencTByioLLLErO MakeTa NPeaoXeHHON U CO34aH-
HOW KOHCTPYKUMN GUIbTpa B TPEXCAHTUMETPOBOM AMana3oHe (X-amanasoHe).

PesynbTaTbl. Pe3ynbTarhl YCNIEHHOr0 MOLENMPOBAHNSA NOKA3bIBAIOT, YTO BBEAEHNE B LLEHTP KOHCTPYKLMN GOTOHHO-
ro KpucTasnia NnoaABUXHOIO LANHOPUYECKOro AedekTa ¢ ABYMS METAUNYECKMMU LUTLIPSMU NPUBOANT K NOSIBAEHNIO
B nosioce 3anvpanuns Ha A4YX dunbTpa pe3oHaHCHOrO NMyka NPoMnyckaHns, NO0XKeHUe KOTOPOro apdeKTUBHO ynpas-
NeTCH NOBOPOTOM LMANHOPUYECKOro aedekta BOKpYyr ero ocu. [Npn HEM3MEHHOM MOMOXKEHUN LUAVHAPUYECKOrO
nedekTa ymeHbLUeHne neprona GOTOHHOro KpucTania NpUBOANT K YBENIMYEHMIO YAaCTOThbI NMKa NPonyckaHud. Ha va-
CTOTY PE30HAHCHOr0 Mnurka NPoMyckaHusi Hanbonee CUNbHOE BIVSIHWE OKa3blBAaET M3MEHEHME pa3mMepa OTBEPCTUIA
B KOHCTPYKUMN POTOHHOIO KpUcTaia, 4tTo MOXET MCMNONb30BaTbCA Kak 3P dEKTUBHbLIN aKTOP OJ18 yNpaBneHma no-
JI0XKEeHMEM nuka nponyckaHus n popmon scen A4X; npm 9ToM 3HadeHne KoadduumeHTa NnponyckaHns Npm noBopoTe
LMANHAPUYECKoro gedekra BOKPYr ero OCu NnpakTuieckn He nameHsieTcs. NMpoBeaeHbl Takke aKCnepMeHTasbHble
ncenenoBaHns A4X pOTOHHbIX KPUCTANOB, U3FOTOBIEHHbLIX C MCMOJIb30BaHNUEM TexHoorum 3D-nevat U3 nnactmka
PETG (nonuatuneHtepedTanaTtrinkosb), AaHHbIE KOTOPbIX COMAacyloTCs C pe3ynbTaTaMmmv MOAEMPOBaHUS.
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BbiBoabl. [1peafioxXeHHble CNPOEKTUPOBAHHLIE N N3FOTOBJSIEHHbIE 3KCMNEPUMEHTalIbHbIE MOAENN Y3KOMONOCHbIX
GUNBLTPOB B TPEXCAHTUMETPOBOM Auana3oHe (X-gvanas3oHe) Ha OcHoBe GOTOHHOMO KpucTasia nokasanm gocra-
TOYHbIE OS5 MPAKTUKN N3MEHEHUS 3HaYeHUs KO3dduLmMeHTa NponyckaHs 1 BO3MOXHOCTN 3P dEKTUBHOIO ynpas-
JIEHNS YaCTOTOM PE30HAHCHOI0 nuka 1 Bcen popmomn AYX, 4To fenaeTt ux BecbMa NepcrnekTUBHbLIMW A5 NpakTuye-

CKUX MPUMEHEHNI B PaAV03NEKTPOHHOW annapaType.

KnioueBble crnoBa: Y3KOMOMOCHbLIN PUALTP, Pe30HaHCHbIM GpunbTp, CBY-amanazoH, OTOHHLIN KpuUcTann,

3D-neyatb, openEMS

Ansa umtupoBaHua: Psbos E.A., AHgpeeB A.A., Ceprees C.A., Muxaiinos A.. YnpaBneHne aMnanTyaHO-4aCcTOTHOW
XapaKkTePUCTUKOM Y3KONMOMOCHOro dunbTpa ans X-amanasoHa 4acToT Ha 0CcHOBe (POTOHHOIo KpucTania ¢ NoABUXHbLIM
umnuHgpudecknm pedektom. Russian Technological Journal. 2025;13(3):84-91. https://doi.org/10.32362/2500-

316X-2025-13-3-84-91, https://www.elibrary.ru/NHBOSK

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOpbI 3251B/1SII0T 06 OTCYTCTBUM KOHMIMKTA UHTEPECOB.

INTRODUCTION

Electromagnetic waves are widely used in diverse
fields of science and technology, including radiolocation
and navigation services, as well as information and
telecommunications technologies, medical equipment,
etc. One of the most common types of transmission lines
for microwave electromagnetic waves are rectangular
waveguides with so-called partially- and fully-filled
waveguides, whose fillable structures are typically
comprised of dielectric plates of various shapes and
sizes. Artificial materials and structures are used in
various waveguide designs, particularly those based
on photonic crystals or metamaterials [1-13]. Photonic
crystals in the microwave range are based on a section of
waveguide whose filling comprises a periodic structure
consisting of individual cells made of materials having
different refractive indices. This leads to the formation of
band gap and allowed photonic bands (frequency ranges)
in the transmission spectrum analogous to energy bands
in solids [1, 2, 4-9]. Thus, photonic crystals can be used
to construct frequency-selective devices, in particular,
on the basis of rectangular waveguides [6, 7]. Such
devices are capable of isolating microwave radiation
both in a specific frequency band (bandpass filter), as
well as in the frequency range below (low-pass filter) or
above (high-pass filter) a specific cut-off frequency in
a given frequency range, and passing it to the output of
the device almost without loss.

Adding a single defect to a photonic crystal results
in a violation of the periodicity of its structure and
the appearance of a resonant transmission peak on its
frequency response [10-12]. By controlling the position,
shape and size of the defect, resonant (narrow-band)
filters, controllable sensors, absorbers, and other useful
devices can be created [1-4, 7-10].

This paper presents studies on photonic crystals
into which a mobile rotating cylindrical defect has been

inserted. In addition, the results of experimental studies
into photonic crystal samples fabricated using 3D printing
technology are compared with the characteristics of their
mathematical models using the specialized openEMS
software!.

DESCRIPTION OF THE STRUCTURE

Innovative 3D printing technology is already
widely used for the prototyping of products in the
microwave range [13—16]. In this paper, fused deposition
modeling (FDM), a type of 3D printing technology, is
used to fabricate photonic crystals. FDM technology
is based around the melting and application of plastic
filament to form layers on the surface of previously
applied layers to form the structure of a given model.
The structure is created by first designing a 3D model,
typically in a computer-aided design (CAD) system?. The
3D model can be saved in the widely used STL file format
as a numerical array. The photonic crystal is designed
using the OpenSCAD CAD system, which can be used
to create complex three-dimensional models with a high
degree of parameterization. The design optimization
process is greatly simplified by the ability to automatically
recalculate the entire geometry by changing one parameter.
The resulting photonic crystal comprises a section of
a rectangular waveguide having a fully filled cross-
section of 23 x 10 mm. Air holes are placed periodically
along the waveguide axis. The cross-section of the holes
is rectangular. Polyethylene terephthalate glycol (PETG),
which has a relative permittivity of & =~ 2.5 in the
investigated frequency range, is selected as a material for
the fabrication of the photonic crystal [15, 16].

A schematic representation of the proposed structure
with designations of the main dimensions of the designed

! https://www.openems.de. Accessed March 20, 2025.
2 https://openscad.org. Accessed March 20, 2025.
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Table. Main dimensions of the elements of the designed photonic crystal having a rectangular hole shape

Number Hole Hole size along the Hole Hole size along the wide wall
Hole shape . period (A), . . spacing (L), .
of holes (7) waveguide axis (w), mm of the waveguide (g), mm
mm mm
Rectangular 4 24-31 5-9 19-22 18

elements is shown in Fig. 1. The specific values for the
dimensions are given in the table. Similar photonic
crystal structures have been proposed and analyzed in
several works (e.g., [6, 13]).

Fig. 1. Schematic representation of the proposed
structure for filling a photonic crystal with a mobile
rotating defect (viewed from the wide wall side
of the waveguide, in the xz plane)

A defect located in the center of the designed
photonic crystal comprises a movable cylinder rotating
around its axis, in which two thin metal rods with
a circular cross section and a diameter of d = 2 mm are
placed symmetrically at a distance of # =4 mm on either
side of the axis. The position of the first defect (rotation
angle a = 0°) corresponds to the position of a pair of
defect rods perpendicular to the waveguide axis, along
the x-axis. The position of the second defect (rotation
angle o = 90°) corresponds to the position of a pair of
defect rods along the waveguide axis, i.e., along the
Z-axis.

RESULTS AND DISCUSSION

After determining the optimal structure of the
photonic crystal, the stage of numerical modeling of its
properties can begin. The openEMS software used for
this purpose is based on the finite difference time domain
method, representing one of the most popular numerical
methods in computational electrodynamics [17]. The
software supports the import and export of geometric
models from various file formats (e.g., PLY, STL), which
greatly simplifies the modeling process, especially when
CAD is used for design. openEMS is integrated with
scripting languages such as MATLAB?, Octave®, and
Python® for automating the process of setting model

3 https://www.mathworks.com/products/matlab.html. Accessed
March 20, 2025.

4 https://octave.org/. Accessed March 20, 2025.

3 https://www.python.org/. Accessed March 20, 2025.

parameters, performing calculations, and processing the
obtained data.

Figure 2 depicts 3D printed photonic crystal
structures having a cylindrical defect, while the frequency
response of the photonic crystals obtained by numerical
modeling and experimental studies is shown in Fig. 3.
Specific data are given for two defect positions:
a = 0° (position /) and a = 90° (position 2). Both
numerical simulation and experimental data indicate that
a clear resonance peak in transmission can be observed
at defect position 2. At the resonance peak frequency, the
change in transmission coefficient (A7) exceeds 15 dB
when the defect position changes from / to 2.

o 108 IR

Fig. 2. General view of the manufactured
photonic crystals with defect

The dependence of the transmittance peak position
on the photonic crystal period is shown in Fig. 4.
As the period of the photonic crystal decreases, the
transmittance peak is observed to shift towards high
frequency. The change in the hole size w has a stronger
effect on the position of the transmission peak frequency
compared to the change in the hole spacing L.

The dependence of the change in transmission
coefficient AT on the period of the photonic crystal
A is shown in Fig. 5. The change in transmission
coefficient AT reaches 22 dB at the fixed hole size
w =15 mm, and the effect of the hole spacing L is minimal.
When the hole size w is increased from 3 mm to 9 mm
and the hole spacing L is fixed at 22 mm, the change in
the transmission coefficient AT for the photonic crystal
reaches 14 dB (from 16 dB to 30 dB).
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Fig. 4. Dependence of the photonic crystal transmission

hole size w (dotted line) and hole spacing L (dashed line)
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CONCLUSIONS

The paper demonstrates the possibility of effectively
using a mobile cylindrical defect to control the frequency
response of a narrow-band filter in a rectangular X-band
waveguide having a cross-section of 23 x 10 mm. The
defect rotates around its photonic crystal structure
axis with respect to which two identical metal pins
are symmetrically arranged. Numerical simulation
results show that the transmission peak shifts to higher
frequencies as the hole period A of the photonic crystal
decreases. The largest shift in the frequency of the

transmission peak with increasing hole period occurs
at a fixed hole spacing. At the same time, the minimum
change in transmission coefficient is observed for
a defect rotation angle of 90° (position 2). Designed and
experimentally developed models of photonic crystal-
based narrow-band filters of this structure show a change
in the transmission coefficient in the range of 16 dB
to 30 dB when the angle of defect rotation is changed
from 0° to 90°. The results are promising for use in real
technical applications.
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to the research work.
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