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Abstract - Background. To develop new terahertz wireless communication systems with high throughput and transmission
speeds, such as 6G and above, effective control of the polarization direction of emitted terahertz waves is necessary, but most
methods are technologically complex and expensive. The implementation of terahertz antennas and devices based on 2D materials
such as graphene solves the problem associated with developing effective control. Aim. Study of the possibility of controlling the
polarization of terahertz and IR radiation of plasmonic antennas based on rectangular graphene nanoribbons by changing the
chemical potential (application of an external electric field). Methods. This important scientific problem related to the design of
terahertz antennas can largely be solved by simulation using the electrodynamic simulation program CST MWS 2023. Results.
Plasmon terahertz antennas based on rectangular graphene nanoribbons were chosen as the object of analysis and the possibility
of emitting waves of two orthogonal polarizations was shown. Methods have been identified for controlling the polarization of
terahertz and IR radiation from such antennas, based on the selection of operating frequencies corresponding to the resonances
of the modes of surface plasmon-polaritons, and the application of metallization to the dielectric substrate. Conclusion. The
ability to control the polarization of terahertz and IR radiation makes it possible to create both new elements of plasmonic
antenna arrays and new communication technologies, including future 6G networks.

Keywords - plasmonic antennas; rectangular graphene nanoribbons; polarization; plasmon resonance; radiation pattern.

Introduction

New wireless communication standards such as 6G
require higher bandwidth than current technologies
can provide. The terahertz (THz) frequency band is
highly promising for high-speed wireless communi-
cation networks [1] because it can significantly boost
transmission rates compared to ultrahigh-frequency
(UHF) bands, especially in 6G Wi-Fi networks [2].

Two-dimensional (2D) materials such as graphene
play a crucial role in efficient polarization control
in THz devices and antennas. With its unique opto-
electronic properties and high doping potential, gra-
phene has become key material in plasmonic anten-
nas [3-7] and THz polarizers [8-11]. It exhibits high
carrier mobility and consistently absorbs light across
wavelengths. Graphene properties can be tuned by
adjusting its chemical potential (Fermi level) via elec-
trical gating and chemical doping. Graphene is chem-
ically and structurally stable owing to the strong co-
valent bonds among carbon atoms, which enable it to
support long-lived and tunable plasmon resonances
when excited by THz and infrared (IR) radiation [3].
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Graphene analogs of standard metal antennas ex-
hibit better emitting properties [4-7]. This is largely
attributed to graphene’s excellent surface conductiv-
ity, which is highly responsive to changes in chemi-
cal potential when a bias voltage is applied [12]. Such
dynamic conductivity control is expected to support
operations at terabit-per-second speeds [3].

New THz, ultra-high-performance, and ultra-pre-
cise communication systems require efficient control
of the polarization direction of the emitted waves.
However, most available methods are complex and
expensive [2].

The ST MWS and HFSS simulation software pack-
ages can solve important problems related to the de-
sign of microwave devices, antennas, and phased an-
tenna arrays [13; 14].

This study uses the CST Microwave Studio electro-
magnetic simulation system to investigate how the
polarization of terahertz and IR radiation emitted by
plasmonic antennas made of rectangular graphene
nanoribbons can be controlled. This control can be
achieved by changing the chemical potential by ap-
plying an external electric field.

© Makeeva G.S., 2024
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Fig. 1. Excitation of a plasmonic antenna with a rectangular graphene nanoribbon using a waveguide port: a - s-polarized and

b - p-polarized TEM. Simulated in CST MWS 2023

Puc.1. Mopenu 13036y>1</1e1-m;[ IJ1a3MOHHOW aHTEHHBI HAa OCHOBE MPSIMOYTOJIbHON rpadeHoBoit HaHONeHTH TEM-BoTHOU s-ionsipu3anui (a)
U p-nossipusanuu (6) ¢ IOMOLIBI BOJIHOBOAHOTO MOPTA B mporpaMMHomM Komruiekce CST MWS 2023

1. Simulation of plasmonic
antenna behavior in a rectangular
graphene nanoribbon excited by
s- and p-polarized TEM wave under
chemical potential change

Fig. 1 illustrates the CST MWS 2023 [15] models of
excitation of a plasmonic antenna with a rectangular
graphene nanoribbon can be excited by a normally in-
cident TEM wave. In these models, the wave is either
s-polarized (Fig. 1, a) or p-polarized (Fig. 1, b) using
a waveguide port. The antenna model features a rec-
tangular graphene nanoribbon with dimensions of
length (I) and width (w) (Fig. 1) installed on a dielectric
substrate made of silicon dioxide (SiO,), character-
ized by a dielectric constant (¢ =2,2), and with di-
mensions a, b, and h.

Fig. 1 also depicts the orientation of the incident
TEM wave’s electric field strength vector E relative
to the graphene nanoribbon. For an s-polarized wave,
vector E is oriented along the wide side of the gra-
phene nanoribbon (Fig. 1, a), whereas for a p-polarized
wave, vector E aligns with the narrow side (Fig. 1, b).

We used the models presented in Fig. 1 to address
the electrodynamic problem using CST Microwave
Studio 2023 employing finite integration in the time
domain [3].

We calculated an element of the scattering matrix
|512| for a graphene plasmonic antenna excited by s-
and p-polarized TEM waves across the THz, far-IR,
and mid-IR ranges, considering different values of

the graphene’s chemical potential u_.

Fig. 1 also depicts the orientation of the incident
TEM wave’s electric field strength vector E relative
to the graphene nanoribbon. For an s-polarized wave,
vector E is oriented along the wide side of the gra-
phene nanoribbon (Fig. 1, a), whereas for a p-polarized
wave, vector E aligns with the narrow side (Fig. 1, b).

We used the models presented in Fig. 1 to address
the electrodynamic problem using CST Microwave
Studio 2023 employing finite integration in the time
domain [3].

We calculated an element of the scattering matrix
|S]2| for a graphene plasmonic antenna excited by s-
and p-polarized TEM waves across the THz, far-IR,
and mid-IR ranges, considering different values of
the graphene’s chemical potential p_.

Fig. 2 displays the frequency responses of the
scattering matrix element |512|, which represents
thewave transmission coefficient, for a plasmon-
ic antenna with a rectangular graphene nanorib-
bon. The nanoribbon dimensions are the following:
w=1pum, [=2,5 ym, a=b=3 pm, h=1 pum). Fur-
thermore. the chemical potential values are the fol-
lowing: p,=0,3 eV, u,=0,7 eV, p5=1 eV. The
antenna was excited by a TEM wave, which exhibited
s-polarization (Fig. 2, a) and p-polarization (Fig. 2, b).
The graphene properties considered in this simula-
tionare T=300 Kand t=1 ps.

The simulation results (Fig. 2) indicate that fre-
quency shifts and the minima of the transmission co-
efficient p_ vary with changes in the graphene chem-
ical potential |S12|. The transmission coefficient
|S12| minima (Fig. 2, a, b) result from the maxima of

the absorption coefficient P in graphene. These min-
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Fig. 2. Frequency responses of the scattering matrix element ‘512‘ within a plasmonic antenna containing a rectangular graphene nanor-
ibbon at different chemical potentials p_ in the THz, far and mid-IR ranges: a - s-polarization; b - p-polarization of the incident TEM
wave; curve I - p, =0,3 eV,2- n,=0,7 eV,3- p,=1eV; w=1 um, [=2,5 um, b=3 pm, h=1 um

Puc. 2. YacToTHBIE 3aBUCMMOCTH 3JIEMEHTA MaTPHULbI pacCesHUs ‘512‘ [UIa3MOHHOM aHTEHHBI HA OCHOBE MPSIMOYTOJIbHOM rpadeHOBON
HaHOJIEHTBI JUIl Pa3/IMYHBIX 3HAYEHUH XUMHUYecKoro noteHuuana W, B TI'u, nanbHem u cpennem VMK-nuanasonax: a - s-nmonsgpusauus;
6 - p-nonsipusauus nagamoueir TEM-Bonusr; kpusast 1 - B =03 9B, 2- pn,=07 aB,3- py=13B; w=1 Mmkm, [=2,5 MM, a=

=b=3 Mkm, h=1 MKM

ima align with the plasmon resonances [16] that oc-

cur at frequencies f,,. driven by the excited main and

res
higher modes of surface plasmon polaritons (SPPs)
[11]. These resonant frequencies frse’sp are influenced
by the incident wave polarization [11].

For an s-polarized excitation TEM wave, in which
the surface electric current resonates along the wide
side of the rectangular graphene nanoribbon, longi-
tudinal plasmon resonance occurs [11]. In this case,
the first resonant frequency ffl is determined by
the main mode of SPPs (Fig. 2, a). At this frequency,
the electric current density j; on the graphene sur-
face reaches its peak, leading to maximum absorption.
For a p-polarized excitation TEM wave, a transverse

resonance of the surface electric current j; occurs

along the narrow side of the rectangular graphene
nanoribbon [11], enabling resonance frequencies fP
to be higher than f} for the s-polarization (Fig. 2, b).
We observed several resonant frequencies corre-
sponding to the nearest higher SPP modes for both
s-polarization (Fig. 2, a) and p-polarization (Fig. 2, b).
In a rectangular graphene nanoribbon, the longitudi-
nal SPP resonance occurs at s-polarization (Fig. 2, a),
whereas the transverse SPP resonance appears at p-
polarization (Fig. 2, b), each at different frequencies.
The table lists the estimated scattering matrix ele-
ment |Slz| at the resonance frequencies f3F of the
main and second-order SPP modes excited by an s-
and p-polarized TEM wave for different chemical po-

tentials u, (0,3,0,7,1eV).
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Table. Calculated values of the scattering matrix element ‘512‘ at the resonant frequencies f;é‘; of the main
and second SPP modes excited by an s- and p-polarized TEM wave for different chemical potentials p,

Tab6nuua. PacueTHble 3HAUEHNUST 37IEMEHTA MATPHULIBL PACCESTHUS ‘312‘ Ha pPe30HAHCHBIX YaCTOTAaxX f;;f OCHOBHOH U BTOPOH

mon TITITI, Bo36y>knaembix TEM-BONHOM s- U p-TIONAPU3AUNM, IJTs PA3TUYHBIX 3HAYEHUH XMMUYECKOTO MOTEeHIMANA W,

w,, ev fa., THz Sy;, dB fP!, THz S;;, dB fP%, THz S;;, dB
0,3 3,652 -8,18936 7,747 ~7,22564 8,967 ~2,00709
0,7 5,563 ~13,68034 11,803 ~12,09588 13,636 -4,0221
1 6,616 ~16,14356 14,104 ~14,39928 16,288 -5,40395

2. Simulation of THz and IR
radiation polarization control
for plasmonic antennas with
rectangular graphene nanoribbons

Fig. 3 illustrates the simulation results from CST
MWS 2023. We modeled the directivity pattern (DP)
of a plasmonic graphene antenna on a dielectric sub-
strate and examined the distribution of the surface
electric current density vector j, on the graphene na-

1
5, asso-

noribbon at the resonant frequencies ffl,
ciated with the main SPP mode. This occurs when the
antenna is excited by an s-polarized TEM wave, con-
sidering different chemical potentials of 0,3,0,7, 1 eV.

Fig. 3 - 3.1-3.3, a—c illustrate how the frequency
of a plasmonic graphene antenna can be tuned, or
rsels corre-
sponding to the main SPP mode when excited by an

frequency-swept, at resonant frequencies

s-polarized TEM wave in the terahertz range, as the
chemical potential u, varies from 0,3 to 1 eV by ap-
plying an external electric field.

At the resonant frequencies of the main SPP mode,
excited by an s-polarized TEM wave, a resonance of
the electric current is generated by the standing SPP
half-wave along the wide side of the rectangular na-
noribbon [11]. This results in a half-wave distribution
of the surface electric current j along the length of
the rectangular graphene nanoribbon, peaking at the
center (Fig. 3 - 3.1-3.3, d). The resulting 3D DP of
the radiation produced by this half-wavelength (half
of the SPP wavelength) electric emitter is toroidal
(Fig. 3-3.1-3.3, ¢). The axis of the 2D DP in the equa-
torial plane aligns with the longitudinal emitting cur-
rent (Fig. 3-3.1-3.2, b). The DP in the E-plane, which
depends on 6 at ¢ =0°), matches that of a half-wave
symmetric vibrator [17]. In the E-plane (depending on
0 at @ =90°), the DP forms a circle (Fig. 3-3.1-3.3, a).

As the chemical potential p, increases, the surface
electric current density rate j, on the graphene na-

noribbon increases (Fig. 3 - 3.1-3.3, d). This occurs

because the g-value of the resonance decreases, lead-
ing to a higher absorption coefficient in graphene
[11], which in turn boosts the emitting efficiency of
the plasmonic graphene antenna (Fig. 3 - 3.1-3.3, ¢).

For comparison, Fig. 4 presents the simulated DP
of a plasmonic antenna with a rectangular graphene
nanoribbon on a metalized dielectric substrate, main-
taining identical dimensions (w=1 pm, [=2,5 pm,
a=b=3 pum, h=1 um). This is presented at the
resonant frequency fSSl that matches the main SPP
mode, equal to f?f] =5,252 THz when excited by an
s-polarized TEM wave at a given chemical potential
of pu, =1 eV.

The comparison of the DPs for plasmonic anten-
nas containing rectangular graphene nanoribbons on
dielectric substrates (Fig. 3 - 3.3) and metalized sub-
strates (Fig. 4) substrates at resonant frequencies f§1
corresponding to the main SPP mode indicates that
the directivity axis, and therefore, the polarization
plane of the half-wave THz radiation (half of the SPP
wavelength) emitted by the electric emitter, is rotated
by 90° in the latter case.

Plasmonic antennas containing rectangular gra-
phene nanoribbons on dielectric and metalized sub-
strates emit THz waves with two orthogonal polari-
zations. This means that by applying metallization to
the dielectric substrate, we can control the polariza-
tion of the THz radiation.

Fig. 5 presents the simulation results from CST
MWS 2023, showing the DP of a plasmonic graphene
antenna on a dielectric substrate. It also depicts the
distribution of the surface electric current density
vector j, on the graphene nanoribbon at resonant
frequencies f1p], lpl, flp] corresponding to the
main SPP mode, when the antenna is excited by a p-
polarized TEM wave at different chemical potentials
(0,3,0,7, 1 eV).

Fig. 5 - 5.1-5.3, a-c demonstrate the capabil-

ity of tuning the operating frequency of a plasmonic
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f5'=5.252 T
H3=13B

farfield (=5.252) [1]

Fig. 4. DP of a plasmonic antenna with a rectangular graphene nanoribbon on a metalized dielectric substrate excited by an s-polarized
TEM at the resonant frequency corresponding to the main SPP mode f;l = 5,252 THz, p 4 =1eV: 2D RP in the H-plane (depending
on ¢, 6=90°) (a) and in the E-plane (depending on 6, ¢=90°) (b) in the polar (a, b) and 3D RP in the spherical (c) coordinate systems

Puc. 4. [TH nia3MOHHOM aHTE€HHBI HA OCHOBE TPSIMOYTOJIbHOM rpadeHOBOM HAHONEHTHI HA META/UIU3HPOBAHHOM AUAIEKTPUYECKOH MO -
JIOKKeE TP S-Mossipu3anuu Bo30Oyxpaoueit TEM-BoIHBI Ha pe30HaHCHOM 4acToTe OCHOBHOM Mopb! ITTITT f351 = 5,252 TTy, p 4 =19B:
2D [H B H-tutockocTH (B 3aBucumoctu ot ¢, 0=90°) (a) u B E-rutockocTH (B 3aBucumoctu ot 0, ¢ =90°) (6) B monsipHo¥ (a, 6) u 3D IH

B cpeprueckoii (8) cHcTeMax KOOPAUHAT

graphene antenna (frequency scanning), allowing it
to scan from the THz range to the far and mid-IR
ranges. This frequency tuning is achieved at resonant
frequencies frlésl of the main SPP mode when the an-
tenna is excited by a p-polarized wave. The tuning is
facilitated by varying chemical potential p_ between
0,3 and 1 eV using an external electric field).

At the resonant frequencies of the main SPP mode,
excited by an s-polarized wave, a resonance of the
electric current is generated by the standing SPP
half-wave along the wide side of the rectangular na-
noribbon [11]. This results in a half-wave distribution
of the surface electric current j_ along the length of
the rectangular graphene nanoribbon, peaking at the
center (Fig. 5 - 5.1-5.3, d). The resulting 3D DP for the
radiation emitted by this half-wavelength (half of the
SPP wavelength) electric emitter is toroidal (Fig. 5 -
5.1-5.3, ¢). The axis of the 2D DP in the equatorial
plane aligns with the longitudinal emitting current
(Fig. 5 -5.1-5.3, d). In the E-plane (depending on 6 at
¢ =90°), the DP matches that of a half-wave symmet-
ric vibrator [17] (Fig. 5 - 5.1-5.2, a), and in the E-plane,

(depending on 6 at ¢=0°) it forms a circle (Fig. 5 -
5.1-5.3, b).

The comparison of the DPs at the resonance fre-
quencies of the main SPP mode 331 =6,616 THz for
s-polarization (Fig. 3 - 3.3) and fgfﬂ = 14,104 THz for
p-polarization (Fig. 5 - 5.3) indicates that the directiv-
ity axis is parallel to the longitudinal emitting current
in the first case and to the transverse emitting cur-
rent in the second case. Therefore, the polarization
plane of the half-wave THz radiation (half of the SPP
wavelength) from the electric emitter [17] rotates 90°
in the meridian plane.

A plasmonic antenna with rectangular graphene
nanoribbons on a dielectric substrate can emit waves
with two orthogonal polarizations. This happens

when the resonance frequency shifts from the SPP

N

s for s-polarization to the SPP mode fP

mode oS

for p-polarization of the exciting TEM wave. Con-
sequently, the polarization of THz/IR radiation from
such antennas can be controlled by selecting the

signal frequency depending on the type of plasmon
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resonance, either longitudinal or transverse, in the

rectangular graphene nanoribbon.

Conclusion

The simulation results reveal that plasmonic an-
tennas with rectangular graphene nanoribbons can
emit THz/IR waves with two orthogonal polariza-
tions. We identified methods to control the polariza-

tion of these waves by selecting signal frequencies

that align with the plasmon resonances of SPP modes
and through metallization of the dielectric substrate.
This ability to control THz/IR radiation enables
the creation of both new plasmonic antenna array
elements [18] and new communication technologies,
including future 6G networks [2]. These advance-
ments will support energy-efficient communication,
enable cognitive radio networks that can intelligently
change channels, and facilitate in-band full-duplex
technology that can double the bandwidth [2].
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IlmasMoHHBI€ AaHTEHHBI HA OCHOBE MPSIMOYTOJIbHBIX
rpa¢eHOBBIX HAHOJIEHT C YIIPaB/IsIeMOU MOJsIpU3anuen
TeparepuoBoro 1 HHGPAKPACHOTO U3TYIEHUS

I'C. Makeesa

IeH3eHCKMH TOCyAapCTBeHHBIA YHUBEPCUTET
440026, Poccus, r. I1ensa,
yn. Kpacnas, 40

Annomayus - O6ocHoBaHMe. [1J1s1 pa3BUTHsI HOBBIX Te€parepLOBBIX CHCTeM GECIIPOBOAHON CBSI3U C BBICOKOH MPONMYCKHOMN
CMOCOGHOCTBIO M CKOPOCTBIO Mepefayud, TaKUXx Kak 6G M Bbllle, HeoOXoAMMO 3dPeKTHBHOE YIpaBleHHe HampaBlIeHHEM
HOJISIPU3ALMH M3/Ty4aeMbIX TeparepLOBbIX BOJIH, OHAKO OOJBIIMHCTBO METOLOB TEXHOIOTHYECKH CIIOXKHBIE U Joporue. Peanusanust
TepareproBbIX AHTEHH 1 YyCTPOMCTB Ha 0CHOBe 2D-MaTepranoB, TAKUX Kak rpadeH, pemaet npobiemy, CBI3aHHYIO ¢ pa3paboTKoi
a¢dexTuBHOrO ynpasnenus. Lens. ViccienoBaHre BO3MOXKHOCTH yIIpaBIeHHs MOJsipU3aliell Teparepuosoro u MK-usnyuenus
[UIAa3MOHHBIX AHTEHH Ha OCHOBE IPSIMOYTOJBbHBIX I'PadeHOBBIX HAHOJEHT C MOMOLIbI0 HU3MEHEHUs XMMHYECKOro MOTeHI[HaIa
(mpuIOKeHHEM BHEIIHErO 3JIEKTPUYECKOTO 10jisi). MeToabl. DTy BaskKHYI0 Hay4YHYIO [IPOG/IeMY, CBI3aHHYIO C IPOEKTHPOBAHHEM
TepareproBbIX aHTEHH, BO MHOTOM MO3BOJISIET PEIIUTh MOJEIMPOBAHME C MOMOIIBI MPOrPAMMBl 3JIEKTPOJAMHAMUYECKOTO
mopenuposanusi CST MWS 2023. Peaynbrarhl. B kauecTBe 06beKTa aHaIM3a BEIGPAHBI M7Ia3MOHHbIE TeparepLoBble aHTEHHbI Ha
OCHOBE IIPSIMOYTOJIbHBIX IpadeHOBBIX HAHOJIEHT U 0Ka3aHa BO3MOXKHOCTb U3JTy4€HHs BOJH IBYX OPTOrOHAIBHBIX MOJISIPU3ALIUH.
BhIsiBIeHBI CIOCOOBI yIpaBieHUs MHolsipusaunueil Teparepuosoro, MK-n3nydeHHs: TakMX aHTEHH, OCHOBaHHble Ha BbIGOpe
paboynx YacTOT, COOTBETCTBYIOLIMX PE30HAHCAM MOJ MOBEPXHOCTHBIX IJIa3MOH-NOJISIPUTOHOB, U HaHECEHHH MeTaUIU3alHu
Ha AU3JIEKTPUYECKYI TOJTI0XKY. 3aKio4eHHe. BO3MOXHOCTB yIpaBieHUs Mojspusaunuerd Teparepuosoro, MK-usnydenuns
MO3BOJISIET CO3[jaBaTh KakK HOBbIE 3JIEMEHTHI IJIA3MOHHBIX aHTEHHBIX PEIIeTOK, TaK U HOBble KOMMYHHKAI[MOHHbIE TEXHOJIOTHH,
B TOM 4HcJie Oynyiux ceteit 6G.

Kniouesvle cnosa — mina3MOHHbIE AHTEHHBI; IPSIMOYTO/IbHbIE rpadeHOBble HAHOJIEHTHI; TOJISPU3ALIHs; IVIA3MOHHBIN PEe30HAHC;
auarpamMma HaIpaBJIeHHOCTH.

radiotech@pnzgu.ru (Makeesa I'anuna CmenanosHa) [c) M| © Maxeesa I.C., 2024
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