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EVALUATION OF EXISTING MILLIMETER-WAVE RADIATION SYSTEMS
FOR PRE-SOWING SEED TREATMENT

Abstract

This paper explores the evaluation and potential development of millimeter-wave (MMW) radiation systems intended for pre-
sowing seed treatment in agricultural technologies. The study emphasizes the importance of using low-energy electromagnetic fields to
enhance crop yields through informational influence on biological systems. A detailed analysis of existing radiation sources highlights
the limitations of traditional vacuum electronic devices, such as backward wave oscillators, traveling wave tubes, and klystrons,
which suffer from excessive size, high power consumption, low frequency stability, and complex cooling systems. As an alternative,
the authors propose the use of semiconductor devices, particularly avalanche-transit time (IMPATT) diodes, which demonstrate
advantages in terms of frequency stability, output power, size, efficiency, and manufacturability. The research focuses on the selection
and optimization of resonator systems and antenna designs capable of generating effective electromagnetic radiation for continuous-
flow seed processing systems. Among various antenna types, waveguide-slot and surface wave antennas were analyzed and found to
be suboptimal due to their narrow operational bandwidth and structural limitations. In contrast, horn antennas, especially H-sectoral
horns, are identified as the most suitable emitters for seed treatment applications, owing to their broader bandwidth, better matching
characteristics, and ability to form a directed radiation pattern with linear polarization. The paper concludes that further theoretical
and experimental investigations are needed to develop high-frequency-stable MMW generators with output power levels of 2—3 W and
to model the biotropic effects of electromagnetic fields based on the electrophysical properties of seeds. These findings contribute to
the design of innovative, energy-efficient, and ecologically safe technologies aimed at increasing agricultural productivity through the
application of modern physical principles in seed treatment processes.
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Introduction. A current and highly relevant challenge in modern agricultural science and engineering is the devel-
opment of innovative technologies that are not only economically viable and energy-efficient but also environmentally
sustainable. These technologies are expected to significantly contribute to increasing crop yields without causing harm to
ecosystems or introducing excessive energy consumption into production processes. One promising approach to solving
this problem lies in the implementation of low-energy, or so-called informational, millimeter-wave (MMW) electromag-
netic fields (EMF).
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Unlike traditional high-energy treatments, informational EMFs exert their influence not through the transfer of
substantial energy but by interacting with the informational regulatory systems of living organisms. In agricultural appli-
cations, this interaction is realized through exposure to electromagnetic radiation at specific frequencies and modula-
tion-time parameters, which are capable of initiating or enhancing certain physiological processes in biological objects,
including seeds. The effectiveness of such exposure is not determined by the intensity or energy level of the radiation
itself, but rather by the precise alignment of the electromagnetic signal’s parameters with the natural frequencies and
rhythms of the biological system.

This method is particularly advantageous for pre-sowing seed treatment, where minimal energy consumption can
still lead to measurable improvements in germination rates, resistance to stress factors, and overall productivity of the
resulting crops. However, achieving the desired biological outcomes requires an exact match between the EMF’s bio-
tropic parameters — such as frequency, power flux density, exposure duration, and modulation characteristics — and the
sensitivity thresholds of the treated seeds.

Therefore, the realization of such a technology necessitates the use of highly frequency-stable electromagnetic
generators, capable of maintaining strict spectral purity and minimal fluctuation. These performance characteristics are
essential to ensure reproducibility, reliability, and biological efficacy in field conditions, where even slight deviations in
the signal may render the treatment ineffective or inconsistent.

Analysis of recent research and publications. An analysis of commercially produced MMW generators based on
parameters such as frequency instability, output frequency setting error, and tuning range has shown that they are unsuit-
able for biomagnetology applications [1-2].

Generators manufactured in Russia and Lithuania can operate in the frequency range of 20-80 GHz but demonstrate
high relative output frequency instability (1073 to 107#), low signal monochromaticity, and low output power (45 mW).

Foreign-made generators have lower frequency instability (107°), but also low output power (up to 5 mW).

Currently, to generate and amplify electromagnetic oscillations in the MMW wavelength range, vacuum electronic
devices such as BWO (Backward Wave Oscillators), TWT (Traveling Wave Tubes), klynotrons, klystrons, and magne-
trons are used [3-9].

The analysis shows that vacuum electronic devices have significant drawbacks: large volume and weight, high-volt-
age power supplies, liquid and air-cooling systems, and frequency instability within 1073,

An analysis of modern semiconductor technologies indicates that in the MMW range, semiconductor generators
based on IMPATT (Impact Avalanche Transit-Time) diodes are widely used. These generators surpass vacuum devices in
most electrical (low voltages and currents) and operational parameters (dimensions, weight, reliability) [8; 9].

The power generated by IMPATT diodes ranges from 500 to 2000 mW in the frequency range from 30 to 300 GHz [10].

The performance characteristics of IMPAT T-based generators (output power, frequency, efficiency, tuning range,
frequency stability, spectral quality), as well as their operation mode, depend not only on the diode parameters but also on
the type of resonant system used [9].

In the MMW range, waveguide resonators are the most widely used, as their quality factor is higher compared
to coaxial and stripline resonators. In practice, waveguide-pin and radial-waveguide resonators are commonly used.
The output power of generators with radial-waveguide structures can range from 250 to 630 mW in the frequency range
from 50 GHz to 80 GHz with an efficiency of 10% and frequency tuning of 10—15% [9].

To achieve power levels of 2000—3000 mW in the frequency range of 50-300 GHz in an IMPATT generator, it is
necessary to use the method of power combining into a single load, which should be implemented using electrodynamic
quasi-optical systems.

Objective. One of the key components of a system for pre-sowing seed treatment is an electromagnetic energy
emitter, which must form the required radiation pattern and ensure a sufficient level of power flux density on the grain as
it moves along the conveyor belt.

Research methodology. Currently, various types of antennas are widely used in the MMW wavelength range,
including waveguide-slot antennas, surface wave antennas, horn antennas, and others [10].

Waveguide-slot antennas, Waveguide-slot antennas, which are formed by cutting a series of precisely positioned
slots into the body of a waveguide system, represent a class of linear, multi-element antenna structures widely used in
high-frequency electromagnetic applications. These antennas are capable of forming a directive radiation pattern (RP),
particularly narrowing it in the plane that coincides with the axis of the waveguide, thus making them suitable for appli-
cations where controlled beam directionality is essential.

Depending on the spatial configuration and electrical characteristics of the slots, waveguide-slot antennas can
be classified into three main types: resonant, non-resonant, and matched-slot antennas. In resonant designs, the dis-
tance between adjacent slots (denoted as d) corresponds to the guided wavelength within the waveguide (L), resulting
in constructive interference and efficient radiation at specific frequencies. In non-resonant antennas, the slot spacing is
deliberately chosen to be less than half the guided wavelength (d < A./2) or less than half the free-space wavelength (d <
M2), allowing for broader operational bandwidth and altered radiation characteristics. Matched-slot antennas, by contrast,
employ specialized matching elements — such as reactive vibrators or diaphragms—at each slot to achieve individual
impedance matching with the waveguide, thereby improving transmission efficiency and minimizing reflection losses.
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From a geometric standpoint, the typical slot length in these systems is approximately half the free-space wave-
length (A/2), while the slot width is relatively narrow, usually falling within the range of 0.05A to 0.1A. However, when
operating in the millimeter-wave region—particularly at wavelengths below 7 mm — several practical difficulties arise.
One of the key limitations is the miniaturized physical scale required for waveguide components at such short wave-
lengths. For instance, the cross-sectional dimensions of a standard single-mode rectangular waveguide at these frequen-
cies are in the order of 3.6 mm by 1.8 mm, necessitating extremely precise fabrication and alignment techniques.

Moreover, one of the inherent drawbacks of waveguide-slot antennas lies in their relatively narrow operational
bandwidth. Since the radiation pattern of such antennas is highly sensitive to frequency variations, any deviation — espe-
cially those resulting from the use of microwave sources lacking adequate frequency stabilization — can lead to significant
detuning. This detuning manifests as a shift in the main lobe of the radiation pattern away from the intended direction,
changes in beamwidth, and a mismatch with the feeding waveguide. Such effects degrade the performance of the antenna
and reduce its efficiency and reliability in practical applications, particularly in systems requiring consistent and focused
energy delivery, such as electromagnetic seed treatment technologies.

Thus, considering the aforementioned structural and functional limitations, the use of waveguide-slot antennas for
irradiating vegetable seeds in pre-sowing treatment systems is deemed impractical. Their narrow bandwidth, high sensi-
tivity to frequency instability, and complex design requirements make them unsuitable for applications that demand high
reliability, precision, and ease of integration into compact electromagnetic treatment setups.

Let us now turn our attention to surface wave antennas, which represent another class of radiating systems. These
antennas are characterized by the propagation of electromagnetic waves with a phase velocity (Vf) that is lower than the
speed of light in a vacuum (C), i.e., Vf'< C. This reduced phase velocity is achieved through the use of specialized slow-
ing structures, which modify the wave propagation characteristics to enable more compact antenna designs and, in some
cases, improved directivity.

One of the defining features of surface waves with Vf' < C is the exponential attenuation of the electromagnetic
field as the distance from the slowing structure increases. In other words, the energy becomes increasingly concentrated
near the surface, and the field strength rapidly diminishes with lateral displacement. This phenomenon permits the con-
struction of antennas with small transverse dimensions, which is advantageous in systems with limited spatial capacity.

Flat slowing structures typically fall into two main categories: comb-like metallic structures and thin dielectric lay-
ers mounted on conductive substrates. When using comb-type structures as slowing systems, strict design conditions must
be satisfied to ensure optimal performance. Specifically, the structural period D must be less than or equal to 0.1A, and the
groove depth 2 must not exceed A/4, where A denotes the free-space wavelength. These constraints imply extremely fine
geometrical tolerances when designing antennas for the 4-millimeter wavelength range, which not only complicates the
manufacturing process but also significantly increases the production cost.

In addition to fabrication challenges, the successful implementation of surface wave antennas requires precise
excitation of the slowing structure, avoiding the generation of higher-order propagation modes and minimizing signal
reflection. Even minor imperfections in excitation or structural uniformity can degrade the antenna’s performance. Fur-
thermore, surface wave antennas generally exhibit relatively low gain compared to other antenna types and suffer from
elevated sidelobe levels, which can lead to unwanted radiation leakage and reduced efficiency. Taking into account these
disadvantages, the use of surface wave antennas in systems for seed irradiation is not considered rational or technically
justified.

The third category of antennas considered in this context is the horn antenna. Unlike the previously discussed types,
horn antennas are broadband devices capable of supporting a relatively wide frequency range — often up to 1.5 times their
central operating frequency. This broadband characteristic is particularly valuable in systems requiring stable perfor-
mance across varying frequencies or in cases where precise frequency stabilization of the source is difficult to maintain.
Additionally, horn antennas are structurally simple and cost-effective to manufacture, making them attractive for both
laboratory and industrial applications.

In essence, a horn antenna operates as a wave transformer. It gradually transitions the electromagnetic wave prop-
agating through a feeding waveguide into a broader, more planar wavefront as it emerges from the aperture. This trans-
formation increases the effective radiating area and reduces beam divergence. Simultaneously, the progressive change in
wave impedance along the horn’s length ensures efficient impedance matching between the waveguide and free space,
thereby minimizing reflection losses and maximizing forward-directed energy transmission.

Horn antennas are commonly categorized into conical, pyramidal, and sectoral types. Conical horns utilize circular
waveguides and are based on the dominant TE.: mode. However, they are prone to certain disadvantages, such as unstable
polarization planes due to sensitivity to minor deformations in the waveguide walls and non-uniform field polarization
across the aperture. These issues limit their applicability in systems requiring consistent linear polarization and uniform
energy distribution.

Moreover, the radiation pattern of conical horns tends to be axially symmetric, which does not align well with the
directional requirements of seed treatment systems. In such systems, the electromagnetic field must be linearly polarized,
and the radiation pattern should be significantly narrower in the direction of seed motion along the conveyor belt, while
remaining broader in the perpendicular direction to cover the seed row uniformly.
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Given these considerations, our attention shifts to pyramidal and sectoral horn antennas. Both types are constructed
using rectangular waveguide structures and can be designed to produce linearly polarized fields with tailored radiation
patterns. These antennas provide the directional control, polarization stability, and bandwidth required for effective and
consistent electromagnetic treatment of vegetable seeds in pre-sowing applications.

Results. Since antennas of the first type are typically used to obtain a narrow radiation pattern (RP) in two
mutually perpendicular planes by increasing the transverse dimensions of the horn aperture, the most suitable option
for seed irradiation appears to be sectoral horn radiators. In general, a horn is called sectoral if only one dimension of
the rectangular waveguide’s cross-section increases, while the other remains unchanged. Accordingly, two types are
distinguished:

— the H-sectoral horn, which expands in the plane of the H-vector of the dominant TE o wave;

— the E-sectoral horn, which expands in the plane of the E-vector.

Since the reflection coefficient of the TEi0 wave at the junction between the waveguide and the H-sectoral horn is
lower than that for the E-sectoral horn, the radiator with expansion in the H-plane should be considered for continuous-
flow pre-sowing seed treatment [10].

Conclusions and Prospects. To determine the biotropic parameters of millimeter-wave electromagnetic fields
(frequency, power flux density, exposure) that contribute to increasing root crop yields, theoretical studies are required.
These should focus on a biocybernetic model of the seed, taking into account its electrophysical parameters and the
informational-resonant effect of EMF on the membrane potential of seed cells.

Furthermore, to develop an electromagnetic technology for pre-sowing seed treatment in continuous flow, it is
necessary to research and design an H-sectoral horn antenna and a high-frequency-stable (107 to 10°) millimeter-wave
generator with an output power of 2-3 W.
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OHIHIOBAHHA HAABHUX CUCTEM MIVIIMETPOBOI'O BUTTPOMIHIOBAHHSA
JIJIsSI HEPEJAIIOCIBHOI OBPOBKH HACIHHSA

Anomauisn

Y ecmammi posensadacmoca oyinosanns ma nepcnekmugu po3eumxy cucmem minimempogozo (MMX) eunpominiosanns, npu-
3HAueHux OJid nepednocieHoi 06POOKU HACIHHA 8 A2PAPHUX MEXHON02IAX. Y 00CHiOiCeHHT AKYeHmyeEmbCsl y8aza Ha 8adCIUBOCHT BUKO-
PUCMAHHA HUZLKOCHEP2EMUYHUX eNeKMPOMASHIMHUX NOI6 O NIOBUWEeHHs BPONCATIHOCMI 34 PAXYHOK THPOPMAaYiliHo20 8NIU8Y Ha
bionoeiuni cucmemu. JJemanvruii aHaniz HAA6HUX Odcepen UNPOMIHIOBAHMNS BUABUE OOMENCEHHS MPAOUYITHUX 8AKYYMHUX €leKmpO-
HHUX NPUCTPOIB, MAKUX AK 2eHePAMOpYU 360POMHOL X6UL, 1amMnu Oixcy4oi Xeuni ma Kiicmpouu, aKi Maroms HAOMIPHI po3MIpU, 8UCOKe
EHep2OCNOJNCUBAHHS, HU3LKY CMAOINbHICMb Yacmomu il CKAAOHT cucmemu 0xXon00dicents. Ak anbmepnamusy asmopu nponoHyloms
BUKOPUCMAHHS HANIGNPOBIOHUKOBUX NPUCMPOi8, 30Kpema 0i00i8 nagunHoz2o-nponimuozo muny (IMPATT), axi maioms nepesacu 3a
MaKuMu napamempamu, K cmadbilbHICMs 4acmomu, GUXIOHA NOMYICHICMb, POIMIPU, eheKmMUSHICMb | MexXHON02TUHICIb GUPOOHU-
ymea. Y docniodicenni 3ocepeddiceno ysazy na eubopi it onmumizayii pe3oHamopHux cucmem i KOHCMPYKYitl aumeH, 30amHUx 2eHepy-
eamu eghekmugne enekmpomazHinte UNPOMIHIOBAHHA Ol cucmem 06poOKu Hacinus @ be3nepepsromy nomoyi. Ceped piznux munie
anmeH NPOAHANI306aHI WINUHHI X8UNEBOOHT MA NOBEPXHEBOXBUNLOBI AHMEHU, KT BUABUNUCS HEOOCAMHbLO eheKMUBHUMU Yepe3 8)3bKY
pobouy cmyay uacmom i KoncmpykmusHi oomedicenns. Hamomicmo pynopni anmenu, ocooauso H-cexkmopanvhi, usnayeno sk Haunpu-
oamHiuii 6UNPOMIHIO8aYi 015 0OPOOKU HACIHHA 3A805KU IX WUPOKIN CMY3T YACMOM, KPAWUM NO200ACYBATLHUM XAPAKMEPUCMUKAM |
30amuocmi popmysamu cnpamMosany diazpamy GUNPOMIHIOBAHHSA 3 NIHIUHOIO noaApusayielo. 3pobreno 8UCHOBOK Npo HeoOXiOHicmb
NnOOANLUUX MEOPEMULHUX MA eKCHEePUMEHMATbHUX 00CTIOdCeHb 05l cCmBopeHnHs eucokocmabinohux MMX-zenepamopia i3 8uxionorw
nomyacricmo 2—3 Bm i mooenrosanns 6iomponHoi Oii eneKmpomacHimHux noiié Ha OCHO8I eeKMpoQI3UUHUX 61ACMUBOCEN HACIHHSL.
Ompumani pe3yntemamu CHpUsIoMs po3pooaeHHIo IHHOBAYILIHUX, eHep2oeheKMUBHUX MA eKON02IUHO De3neyHUx MexHoN02ll, CHPAMO-
BAHUX HA NIOBUUEHHS NPOOYKMUBHOCTI CIbCLKO20 20CN00APCMEA WIAXOM 3ACHOCYBAHHSA CYYACHUX I3UUHUX NPUHYUNIE Y NpOYecax
00pOOKU HACTHHSA.

Knrouogi cnosa: enexmpomaznimma mexmonozis, GUNPOMIHIOBAHHSA, AHMEHU, 2eHepamopU, KONUBAHHS.
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