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Abstract. Electromagnetic radiation of the terahertz range (THz) is used in various fields of science and
technology: medical diagnostics, security and control, sensor and communication technologies, scien-
tific research, etc. Computer simulation in the development and research of THz receivers signifi-
cantly reduces costs and time-to-market by replacing expensive experiments. Advanced software
suites, like HFSS, facilitate the accurate modeling of intricate three-dimensional configurations
and the analysis of component electrodynamic performance. This study leveraged HFSS to simu-
late the performance of a THz receiver across the 0.4—1.4 THz band. The accuracy of the simula-
tions relies on the fidelity of the model, encompassing geometric details, material properties, and
chosen simulation parameters. This paper proposes a three-dimensional model of an original selec-
tive compact receiver of terahertz electromagnetic radiation (with a conversion efficiency of
~97 %) for two resonance frequencies, consisting of a sensor based on two open apodized periodic
microcavity structures with a fill factor changing according to a linear law, a matching element in
the form of an asymmetric irregular triangular strip line, and a detecting diode. The design offers
key advantages including high conversion efficiency, suitability for matrix architectures, high
selectivity to registered radiation, and the potential for simple readout methods, making it an
attractive approach for THz sensing, an important tool across various scientific and practical appli-
cations.
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XapaKTepHCTHKN KOMIIOHEHTOB. B paMkax mccinenoBanust mapameTpos TI n-npueMHUKa B quama-
30He 0.4—1.4 TI'n ucnone3oBanock Monenupoanue B HFSS, rie ToyHOCTE pe3ynpTaToB 3aBHCUT
OT KOPPEKTHOCTH MOJIEH, BKJIIOYas A€TANN3aAlUI0 T€OMETPUH, CBOHCTBA MAaTEPHUAIIOB U MapaMeT-
pBl cumynsanuu. B naHHOM paboTe mpesoxkeHa TpeXMepHasi MOJENb OPUTHHAIBHOTO CENIEKTUBHO-
ro KOMIAKTHOTO NPHUEMHHKA JJIEKTPOMArHUTHOTO W3JIY4YEHHs TepareploBOro JHana3oHa IJIHH
BOJH (¢ 3¢ dexTuBHOCTBIO TIPe0Opa3zoBanus ~97 %) Ul ABYX PE30HAHCHBIX YAaCTOT, COCTOSIIETO
W3 YyBCTBHTEIHHOTO JJIEMEHTA, BHIIIOJHEHHOTO HA OCHOBE JIBYX OTKPBITHIX AIOIU3HPOBAHHBIX
MIEPHOINYECKUX MUKPOPE3OHATOPHBIX CTPYKTYP € KOI(D(PUIIMEHTOM 3aII0HEHHSI, H3MEHSIOMUMCS
10 THHEHHOMY 3aKOHY, COTJIACYIOIIETO 3JIEMEHTa B BUJI€ HECUMMETPHYHON HEPEryIIspHO moioc-
KOBOH JIMHHM TPEyTOIBHOH (hOPMBI M AETeKTHpYIomero auoga. KoHcTpyknus obmamaeT Kirode-
BBIMHU NIPEHMYILECTBAMH, BKIIIOYas BBICOKYIO 3 ()EKTHBHOCTb MPeoOpa30BaHUs, IPUIOJHOCTD IS
MaTPUYHON apXUTEKTYPbI, BEICOKYIO CEJIEKTHBHOCTD K PETHCTPUPYEMOMY H3ITyYESHUIO M BO3MOXK-
HOCTh IPOCTBIX METOJOB CUMTBHIBAaHMs, YTO JAENACT €€ IPHBJICKATEIbHBIM IIOJXOJO0M ISl Tepa-
TepLoBOro 30HIMPOBAHUS — BaXKHOTO MHCTPYMEHTA IJISI PA3IMYHBIX HAYYHBIX M IPAKTHUECKUX
MIPUIOKECHUH.

Ki1toueBble ¢/10Ba: UyBCTBUTEIBHBIIN JJIEMEHT, ICTEKTHPYIOLIUHA A0/, TEPAareploBOe U3TyUYeHHE,
TpexMepHasi MoJiellb, pe3oHaHcHas dactota, HFSS, addexruBHOCTE peobpa3oBaHms, MOTEPH Ha
oTpakeHHe, K03 PUIIEeHT HanpaBIEHHOTO ACHCTBUSA
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https://doi.org/10.21122/1029-7448-2025-68-6-483-490

Introduction

The terahertz (THz) range of electromagnetic radiation, with frequencies
from 0.1 THz to 10 THz, corresponds to a wavelength range from 3 mm to 30 pum,
situated between millimeter waves and infrared waves. As a result of the rapid
development of ultrafast electronics, laser and semiconductor technology,
terahertz sensors have found widespread application in various fields of science
and technology [1]. Some of these include: non-invasive tissue imaging; bag-
gage and clothing scanning for concealed objects; chemical detection; high-
speed wireless communication; the study of molecular dynamics, material pro-
perties and interactions at the nanoscale.

Creating a compact and reliable receiver for THz radiation is one of the chal-
lenging tasks in modern applied physics [2]. This is because both radio-physical
methods (from the long wavelength side) and optical methods (from the short
wavelength side) perform poorly in this spectral region [3].

The aim of this article is to develop a simulation model of a selective com-
pact receiver for terahertz electromagnetic radiation, and to calculate and eva-
luate its main electromagnetic characteristics.

THz receiver design and its operational algorithm

This article discusses a selective THz receiver based on two apodized perio-
dic microcavity structures with a filling factor that varies linearly, coupled
through matching elements to a detecting diode [4].

One of the important factors affecting the efficiency of converting electro-
magnetic wave energy in the THz range into an electrical information signal by
the proposed structure is the optimal matching of the sensor with the surroun-
ding space and the detecting diode.
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Structurally, the THz receiver consists of sensors 4, located on a substrate 1
and implemented as two apodized metal diffraction gratings (with a linearly va-
rying filling factor), coupled through matching elements 5, which are asymme-
trical irregular strip lines of triangular shape, with a detecting diode 6. In the
substrate 1, there is an air cavity 8 under the detecting diode 6, and rectangular
cutouts 7 under the sensors 4. At the ends of the diagonal of the substrate 1, con-
tact pads 3 are symmetrically located, electrically connected by L-shaped output
lines 2 to the bases of the matching elements 5, the apex angle of which is cho-
sen to be 140° (Fig. 1).
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Fig. 1. Structure of the terahertz receiver: 1 — substrate; 2 — output lines; 3 — contact pads;
4 — sensors; 5 — matching elements; 6 — detecting diode; 7 — rectangular cutouts; 8 — air cavity

The device operates as follows. Electromagnetic radiation of the THz wave-
length range from the surrounding space is almost completely absorbed by the sen-
sors 4 due to their optimal impedance matching with the surrounding environment.
This radiation is fed to the detecting diode 6 through the matching elements 5,
which provide optimal matching between the diode and the sensors 4. Thus, high-
frequency electrical currents, whose frequency corresponds to the received wave-
length range of terahertz radiation, are fed to the detecting diode 6. The electrical
information signal from the detecting diode 6, through the matching elements 5 and
output lines 2, is fed to the contact pads 3 (the output of the device).

The proposed sensor enables optimal impedance matching between the re-
ceiver and the surrounding environment. Furthermore, the varying impedance
of the matching element 5 along its length ensures efficient signal transfer to the
load (detecting diode 6). The selected locations of the contact pads 3, the confi-
guration of the output lines 2 and the specified optimal distance between
the horizontal sections of the output lines 2 also reduce reflection losses in
the considered receiver.

A diode 6 with a reduced effective Schottky barrier height was used for
highly efficient detection of THz frequency currents corresponding to the range
of converted wavelengths. This diode is one of the primary nonlinear elements
widely employed today for converting THz radiation. It has virtually no compe-
titors in the electromagnetic wave range under consideration.



A. K. Ecman, I'. JI. 3vikos, B. K. Kynewog
486 MozenupoBaHue MEKTPOMATHUTHBIX XapAKTEPUCTUK IIPUEMHHUKA TEPATEPLIOBOTO. ..

Computer simulation and its results

Application of computer simulation in the research and design of THz re-
ceivers can largely replace expensive experiments, which leads to a significant
reduction in product release times and lower development costs [5]. The modern
development of computer technology, the active improvement of known me-
thods and the development of new methods for the analysis and synthesis of re-
ceiving devices open up opportunities for quick and high-quality problem sol-
ving in this area [6, 7]. Currently, there are a number of universal and sufficient-
ly powerful software packages such as FEKO, CST MicrowaveStudio, Comsol
Multiphysics [8—10], MMANA, HFSS, etc. for modeling the electrodynamic
characteristics of various elements and devices. A computer experiment to study
the main parameters and characteristics of the proposed THz electromagnetic
radiation receiver in the frequency range of 0.4...1.4 THz (Fig. 1) was carried
out using the modern powerful software package HFSS, which provides mode-
ling of complex three-dimensional configurations of arbitrary shape. The accu-
racy of the results obtained is determined by the adequacy of the constructed
model. This refers to the correct execution of the drawing, the accurate speci-
fication of the materials of the analyzed structure, the optimal decomposition
of space into decomposition elements and the choice of simulation mode.

The numerical calculation of the THz receiver was carried out within a li-
mited area of space in the studied frequency range (Fig. 2).
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Fig. 2. Screenshot of the developed model of the THz receiver in the HFSS software environment

The period of the apodized grating of the sensor 4 was 15 pm. Gold with
a thickness of 80 nm was chosen as the conductive material, and the dielectric
of the substrate 1 had a dielectric constant of 2.17, a loss tangent of 9-10* and
a thickness of 10 um. The sensor geometric dimensions were 105x105 pm,
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and the geometric dimensions of the contact pads 3 were 50x50 pm, with
a total receiver length of 250 um. The distance / between the contact pads 3 and
the sensor 4 varied from 100 um to 0 pum. The equivalent circuit of the detecting
diode 6 was chosen as a parallel connection of an active resistance R, which
varied in the range from 20 Ohms to 170 Ohms, and an electrical capaci-
tance C of 20 fF.

The HFSS postprocessor provides animation for any field and its visualiza-
tion in the form of vectors, processes static and animated drawings on any sur-
face, including object section surfaces, three-dimensional object surfaces
and three-dimensional spatial surfaces. The postprocessor also performs data
processing after field calculation. With its help, it is possible to calculate charac-
teristics such as scattering power, absorbed energy, quality factor, S-parameters
and related characteristics.

Fig. 3 shows the calculated main frequency characteristics of the considered re-
ceiver at the extreme values of the specified range # = 100 pm and 0 um: reflection
losses Sy (a), standing wave ratio (SWR) (b) and conversion efficiency (c).
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Fig. 4 Shows the dependencies of the directivity factor (DF) of the THz recei-
ver at # =100 um and 0 pm for resonance frequencies on the elevation angle .

The calculated losses S of the received radiation due to reflection, depen-
ding on the change in the value of the active resistance R and the specified value
of the capacitance C at a fixed # = 100 pm at resonance frequencies of 0.6
and 1.3 THz, are shown in Fig. 5.
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Fig. 5. Dependencies of reflection losses S, of the THz receiver on the resistance R
of the detecting diode at resonance frequencies of 0.6 (a) and 1.3 (b) THz at 2= 100 um

The use of the HFSS postprocessor at each point in space made it possible

to calculate the magnitude and

phase of the £ and H vectors of the electromag-

netic field and to analyze the field in all possible sections, as well as animate
the field distributions by changing the phase of the excitation generator, which
creates the impression of the field passing through the structure. The electric

field distribution for one of the
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sections of the THz receiver is shown in Fig. 6.
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Fig. 6. Electric field distribution in the plane of the upper surface of the substrate (a)
and an enlarged fragment of this distribution in the central part of the receiver
(at the location of the diode) (b)
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Fig. 7 shows the dependencies of the resonance frequencies and reflection
losses Si1; of the THz receiver on the distance / between the output lines and the
sensors for an active resistance of the detecting diode of 75 Ohms.
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Fig. 7. Dependencies of the resonance frequency (solid line) and reflection losses S;; (dashed line)
of the THz receiver on the distance between the output lines for an active resistance
of the detecting diode of 75 Ohms

The maximum conversion efficiency at frequencies 0.6 THz (at # = 100 um)
and 1.25 THz (at &2 = 0 um) is 97.2 and 97.6 %, respectively. Optimal values of
reflection losses and standing wave ratio are observed at a frequency of 0.6 THz
(at 7 =100 um) and are equal to —24.93 dB and 1.12, respectively.

The results presented in Fig. 5b indicate that the optimal resistance for
the detecting diode is R =75 Ohms at the resonance frequency of 0.6 THz.
Fig. 7 shows that as the contact pads 3 approach the sensor 4, the reflection los-
ses 511 increase along with an increase in the resonance frequency.

The maximum directivity factor at frequencies 0.6 THz and 1.3 THz is 10.48 dB
and 16.5 dB, respectively, at # = 100 um, and at frequencies 0.65 THz
and 1.25 THz, it is 10.74 and 15.42 dB, respectively, at # =0 pm.

The simulation shows that the proposed THz receiver structure has a high
conversion efficiency of up to 97.6 % at two resonance frequencies in the con-
sidered range: 0.6 THz (at # = 100 pm) and 1.25 THz (at 2 = 0 pm), respec-
tively. The directivity factor at frequencies of 0.6 THz and 1.3 THz is 10.48
and 16.5 dB, respectively, at # = 100 um, and at frequencies of 0.65 THz
and 1.25 THz, it is 10.74 and 15.42 dB, respectively, at 4 = 0 um.

CONCLUSION

The original design of the receiving part makes the open microcavity struc-
ture based on apodized gratings attractive for building integrated high-efficiency
compact THz receivers that have a number of distinctive properties:

v high conversion efficiency;

v’ possibility of implementing a matrix design;
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v high selectivity of the registered radiation;
v possibility of implementing a simple readout method.
Terahertz radiation sensors are an important modern tool in various scientific

and practical fields.

10.
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