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Abstract. Numerous studies on wireless technologies for the fifth and sixth generation networks
are widely conducted at the moment. They are driven by potential opportunities of digitalization
in the information society era. Further enlargement of data transfer rates is required to enhance
virtual interactions in various public areas via appearance of new services and applications.
In this work, we report on the development of a reconfigurable reflectarray for 5/6G wireless
communication systems with linear polarization. The proposed reflectarray utilizes current
controlling diodes in a metallic screen inserted in between of front and rear metallizations of a
planar patch antenna array. This makes it capable of a digital beam steering on a microsecond
scale. Performance of the reflectarray designed for operation at 15 GHz is described in terms of
numerical simulations and prototyping. We also discuss prospects and technological challenges of
fabricating a scaled-down version of the reflectarray for 150 GHz operation.
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Annoranusg. B HacTosiee BpeMs aKTMBHO IIPOBOMISITCSI MHOTOUMCIICHHBIC MCCICHOBAHUS
OECIpOBOAHBLIX TEXHOJOTMM IS CEeTeil CBS3M MATOr0 M 1IECTOTO MOKoJeHui. OHu
00YCJIOBJIEHBl BO3pacTalOlMM TMOTCHIMAJIOM LMOPOBU3aLUM B 3MOXY HHGOOPMALIMOHHOTO
obuiectBa. g yaydilleHWS] BUPTYaJbHOIO B3aMMOACHCTBUSI B Pa3IMYHBIX OOILECTBEHHBIX
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cepax 3a cyeT TOSIBJEHMS HOBBIX CEPBUCOB M TIPUJIOXEHMI TpeOyeTcsl AasibHeiiliee
yBeJIMYEHNE CKOPOCTeil Tepedgayu AaHHBIX. B maHHOI pa®oTe MBI coobliaeM O pa3padoTke
PEKOHOUTYPUPYEMOI aHTEHHOU pellleTKU OTpaxkaTeJbHOTO TUMa JJisi 6ECIIPOBOIHBIX CUCTEM
6/5G ¢ nuHeiHOM mojsipusanueii. [Tpemnaracmast KOHCTPYKIIUSI aHTEHHOM pellleTKU OCHOBaHa
Ha UCIMOJIb30BAaHUM YIIPABJISIONINX TOKOM AMOMOB B METAJUIMYECKOM dKpaHe MEXITY JTUIIEBON 1
TBUTbHOW MeTaJuTU3aliieil IByMEpHON pelIeTKN MaT4-aHTeHH. DTO 00eCcreuynBaeT JUCKPETHOE
JIMarpaMMooOpa3oBaHWe B OTPaXK€HHOM CBETe C MUKPOCEKYHIHBIM OBbICTPOIEHCTBUEM.
INpencraBieHHbIe B paboTe XapaKTEPUCTUKU aHTEHHOM pelleTKU ¢ paboyeit yactoroit 15 I'Tx
MOJIyYeHbl KaK B paMKax YMCJIEHHOTO MOACJIUPOBAHUS, TaK U TPOTOTUTNIMPOBaHUS. OOCyXaeHe
MEePCIEKTUB U TEXHOJOIMYECKUX CJIOXHOCTEH M3TOTOBJICHMSI MacCIITaOMPOBAHHOW BEpCUU
aHTEHHOM pelreTkn ¢ paboueir yactoroit 150 I'T Takke mpencraBieHo B paboTe

KmoueBbie cioBa: pekoHuUrypupyeMas aHTeHHas pelleTKa OTpa)kaTeJbHOIo THUIIA, CETb
6/5G, 6ecnipoBOAHONM KaHaJl, cyb-TepareploBast CBSI3b

®unancupoBanue: VccienoBaHue BBIMOJHEHO 3a cCYeT TpaHTa Poccuiickoro Hay4HOTO
donga Ne 22-79-10279, https://rscf.ru/project/22-79-10279/.

Ccpuika npu natupoanun: JIbBoB A.B., IIpuxonpko A.H., Illypakos A.C., l'oaemman I'.H.
PexondurypupyemMble aHTeHHBIE PELIETKN OTPAXKATETbHOTO THUIIA JUIST OECITPOBOIHBIX CUCTEM
6/5G ¢ nuHeitHoM moaspusauueii // Hayuno-texuuuyeckue Begomoctu CIIGITIY. dusuko-
maremaTudyeckue Hayku. 2023. T. 16. Ne 3.2. C. 372—376. DOI: https://doi.org/10.18721/
JPM.163.265

CraTbhsl OTKPBITOTO JOCTyMa, pacrpoctpaHsemas 1o juteHsuun CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The studies on wireless technologies for the fifth and sixth generation (5/6G) networks are of
current interest. They are driven not only by a potential enlargement of data transfer rates, but by
the prospects of appearance of new services and applications as well [1]. Ultra-directional trans-
ceivers are proposed to improve connection quality in sub-terahertz (sub-THz) communication
channels. This makes them less vulnerable to propagation losses and fading, but more vulnerable
to blockages [2]. The issue can be resolved if reconfigurable reflectarrays are used for beam rout-
ing in sub-THz data links. The reflectarrays together with a transmitter and receiver in a wireless
channel should utilize optics capable of fast beam steering [3]. In this work, we report on the
development of a reconfigurable reflectarray for 5/6G networks. It makes use of a diode-based
design of each cell ensuring a sub-THz beam steering on a microsecond scale or faster.

Materials and Methods

Fig. 1 illustrates schematic of a 15 GHz reconfigurable reflectarray (RRA). RRA utilizes cur-
rent controlling diode switches (DSs) in a metallic screen (MS) inserted in between of front and
rear metallizations of a planar patch antenna array. The latter is based on a 0.338 mm thick low-
loss dielectric substrate with relative permittivity e = 3.5 [4]. This makes the design compatible
with the use of a fused quartz if operation at sub-THz frequencies is considered.

Referring to Fig. 1, Gaussian beam (GB) of a linearly polarized light incident along normal to
the RRA surface is reflected at angle 6 determined by the configuration of up to 3 DSs. Quantities
k and E, denote wavevector and electric field strength of incident GB. The design ensures a
multidirectional beam steering by rearranging currents in MS. For turned on DSs 2—3 all over
RRA and tuned on/off DS 1 in even/odd rows (or vice versa) oriented along E,, in-reflection
phase shift between neighboring rows is approximately 180°. Thus, bidirectional beam steering is
implemented. Calculated 6 swings from —15° to +15° if DSs act as ideal switches. These findings
are further experimentally justified.

To measure reflective properties of the developed RRA, we designed transmitting (Tx) and
receiving (Rx) planar patch antenna arrays. Using classic literature [5—7] as guidelines, we devel-
oped a first-run geometry of the antenna arrays comprising 8x8 elements. Given that desired
operating frequency was in the range of 13—16 GHz, we chose a relatively thin substrate with low
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Fig. 1. Schematic of a 15 GHz RRA in action

permittivity and small loss tangent (namely, FSD255G series PCB laminate with a thickness of
1 mm [8]). This allowed us to implement a feeding network with a microstrip line significantly
narrower than the patch and to achieve efficient distribution of a microwave power in the array.
In accordance with equations (14—6) and (14—7) from [5], linear dimensions of patch antennas
were calculated in the computer algebra system (CAS) Maxima. The distance between them of
3i,/4 was chosen with A denoting a free space wavelength. For an 8x8 elements patch antenna
array, we calculated beam profiles in E- and H-planes with the aid of CAS Maxima.

The developed pattern of patch antennas was further equipped with a feeding network. Due
to the pattern compactness, we decided not to rely on regular quarter-wave matching impedance
transformers, but to implement a constant width microstrip line with multiple T-junctions. Such a
geometry potentially suffers from excessive input return losses but lacks noticeable distortion of beam
parameters as compared to classic patch antenna array designs. Electrical lengths of the microstrip
lines from each antenna in the array to the common microwave input port were kept identical.

Results and Discussion

Fig. 2,a provides resulting drawing of the developed pattern of a ready-to-use Tx/Rx antenna
array. This drawing was used as an input for a computer numeric control (CNC) machining with
the aid of a MITS Eleven Lab milling machine.

To measure beam profiles of the fabricated antenna array prototypes, we developed an exper-
imental setup including a microwave vector network analyzer (VNA) and 3D-printed holders.
Two prototypes of the antenna array under study were connected to the VNA ports 1 and 2
through coax cables. The array planes were set parallel such that their optical axes were coaligned.
Sweeping the scan angle of the receiving antenna array from —90° to +90°, we measured the
magnitude of S21-parameter at carrier frequency of 15 GHz. The developed antenna arrays
demonstrated consistent performance in both simulations and performance tests. Moreover, the
achieved beamwidths of 10° were suitable for using the arrays as remote probes in evaluation of
RRA prototypes developed by us.

When prototyping RRA, all DSs 2—3 were replaced by bridges and DS 1 was replaced by
a bridge/gap in even/odd rows oriented along E; in the dendriform slots of MS (see Fig. 1).
Fabrication tolerances for the slot width, w, and the spacing between the top substrate of RRA
and MS, s, were found to be the most crucial. We measured relative fabrication errors éw = 7.2%
and 8s = 9.5%, and used these values to predict margins for parameters of reflected GB. We
numerically observed relative errors 80 = 5.9% and 6/ = 7.6% for the angle of reflection and the
intensity of the reflected beam, respectively. In the numerical simulations, the spacing between
the substrate with MS and the ground plane was fixed to A /4. This was consistent with our
experimental findings.
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Fig. 2. Developed pattern of a ready-to-use Tx/Rx antenna array (a). Experimental setup
for measuring H-plane profiles of Tx beam after reflection from tilted mirror or RRA ()

Fig. 3 demonstrates measured H-plane profile of Tx beam after reflection from RRA. The
profile was compared with that reflected from tilted mirror replacing RRA, when rays in the
beam obey the geometrical-optics law of reflection. The beam profiles were measured at 15 GHz
in accordance with experimental setup presented in Fig. 2,b. As one can clearly see, behavior of
main and side lobes in the beam profiles agree well. We also observed identical main lobe levels
within the measurement uncertainty of 0.5 dB. The profiles of the main lobes are quantitively
consistent down to —12 dB. It is also worth noting that RRA outperforms tilted mirror in terms
of side lobe levels, whose peak values are correspondingly equal to —10.5 dB and —6 dB. Angle 0
was fixed to 15° in all the measurements.

We believe that obtained experimental results are quite promising for further development of a
miniaturized version of RRA. Thus, we expect reduction of dw and &s down to 1—2% leading to
significant decrease in 0 and 8/, when fabricating a 150 GHz RRA with the chosen form factor.
This is to be achieved upon use of photo-, e-beam lithographies for deposition and patterning of
thin-film metallic surfaces and precise computer-aided machining for packaging. Additionally,
our simulations of RRA with different impedances of DSs in on/off states confirm usability of
Schottky diodes with feasible parasitic parameters. We believe that all together proves technolog-
ical robustness and suitability of the developed RRA for 5/6G wireless communication systems.
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Fig. 3. H-plane profiles of Tx beam after reflection from tilted mirror or RRA
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Conclusion

We developed and prototyped RRA operational at 15 GHz. The RRA design relies on a low-
loss PCB substrate with relative permittivity of 3.5. This makes it a quartz-compatible and easily
scalable for operation in the sub-THz band. The proposed design utilizes current controlling
diodes in a metallic screen inserted in between of front and rear metallizations of a planar patch
antenna array. To simplify prototyping, the fabricated RRA has 1-bit elements, the pattern of
phase shift upon reflection from them is fixed such that the deflection angle equals 15°. We
observe agreement between calculated and experimentally measured profiles of reflected from
RRA beams. The profiles are also compared with that reflected from tilted mirror replacing RRA
in position, when rays in the routed beam obey the geometrical-optics law of reflection. Behavior
of main and side lobes in the beam profiles agree well. We also observed identical main lobe levels
within the measurement uncertainty of 0.5 dB. The profiles of the main lobes are quantitively
consistent down to —12 dB. It is also worth mentioning that RRA outperforms tilted mirror in
terms of side lobe levels, whose peak values are correspondingly equal to —10.5 dB and —6 dB.
The developed RRA design potentially ensures up to a 3-bit resolution of the elements. This, in
turn, significantly increases number of available states upon digital beamforming in reflected light.
Use of Schottky diodes for in-reflection phase shift in the RRA elements enables sweep time on a
microsecond scale. We believe that all together suggests suitability of the proposed RRA for beam
routing in 5/6(G wireless communication systems.

REFERENCES

1. Yeh C., Do Jo G., Ko Y.J., Chung H.K., Perspectives on 6G wireless communications, ICT
Express. 9 (1) (2023) 82—91.

2. Shurakov A., Moltchanov D., Prikhodko A., Khakimov A., Mokrov E., Begishev V., Belikov I.,
Koucheryavy Y., Gol’tsman G., Empirical blockage characterization and detection in indoor sub-THz
communications, Computer Communications. 201 (2023) 48—358.

3. Chen Z., Ning B., Han C., Tian Z., Li S., Intelligent reflecting surface assisted terahertz
communications toward 6G, IEEE Wireless Communications. 6 (28) (2021) 110—117.

4. FSD888T PCB laminate. URL: http://www.eltm.ru/svch-materialy-fsd.html/nid/2087. Accessed
Mar. 31, 2023.

5. Balanis C.A., Antenna theory: analysis and design. — John Wiley & sons, 2016.

6. Volakis J.L., Antenna engineering handbook. — McGraw-Hill Education, 2007.

7. Levine. E., A study of microstrip array antennas with the feed network, IEEE Transactions on
antennas and propagation, 31 (4) (1989) 426.

8. FSD255G PCB laminate. URL: http://www.eltm.ru/svch-materialy-fsd.html/nid/2106. Accessed
Jun. 07, 2023.

THE AUTHORS

LVOYV Andrey V. SHURAKOYV Alexander S.
andrei.lvovl707@yandex.ru alexander@rplab.ru

ORCID: 0000-0002-2969-7695 ORCID: 0000-0002-4671-7731
PRIKHODKO Anatoliy N. GOLTSMAN Gregory N.
anatprikh1995@yandex.ru goltsman@rplab.ru

ORCID: 0000-0002-4859-8975 ORCID: 0000-0002-1960-9161

Received 20.07.2023. Approved after reviewing 05.09.2023. Accepted 05.09.2023.

© Peter the Great St. Petersburg Polytechnic University, 2023

376



