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NoBcemecTHOe pacnpocTpaHeHne MO6UbHbIX
YCTPOMCTB M TOYeK 6eCcnpoBOAHOro A0CTyna,
nosiBieHue popmMaToB BUAECO[AHHbIX

CO CBEPXBbICOKUM pa3speLueHuem, a Takxe obuias
TeHAEeHUUS K yBeIMYeHUo 06beMOoB nepegaBaemMon
vHpopMauunm BeAyT K HEO6XOAMMOCTU CO3AaHMUS
BbICOKOCKOPOCTHbIX 6€CrpOoBOAHbIX ceTen

C NOBbILLIEHHOW NMPOMNYCKHON CNOCO6HOCTbIO.
Haunb6onee nepcneKTUBHbIM NOAXOA0M AN

pelieHus 3Ton 3aAa4m aBAsOTCS 6ecnpoBoAHble
TeparepLeBble CUCTEMbI CBSI3V HA OCHOBE TEXHOJI0MUM
$poTOHMKKN. O630p NOCBSALLEH AOCTUXEHUAM

B 06n1acTK paspaboTkn M NpUMeHeHUs TeparepLeBbiX
JINHWUI CBSI3M, a TaKXe nepcrneKkTuBam pasBmuTus
npeacTtaB/leHHbIX TEeXHOJIOrNi N KOMNOHEHTHOM 6a3bl.

BBEAEHWE

BbicOKasi CKOpPOCTb Ilepefadyd [JaHHBIX B BOJIO-
KOHHO-OIITUYeCKHUX CeTsIX, AOCTHUIAIoLIasi YpPOBHS
netabut B cekyHnAy [l], BeseT 3a coboil Bo3pacTa-
folmue TpeboBaHHS K 00beMy M CKOPOCTH Iiepe-
JAaYM NAHHBIX B CHCTeMax 6ecIIpoBOLHOIO LOCTYIIA.
CornacHo 3aKOHY DAXOJIbMa O POCTe CKOPOCTH Ilepe-
A4y JAaHHBIX B OeCIIPOBOAHBIX JHHHUSIX CBSA3H [2],
yke K 2020 romy mnoTpebyroTCs CKOPOCTH B AECSATKHU
M cOTHH ['6UT/c - He MeHee 24 TOUT/c O TPaHCIS-
LI TeJeBU3HOHHBIX JAHHBIX C YIBTPABBICOKUM Pa3-
pemenrem (UHDTV); u 100 T6éut/c n1s HOLLEPKKH
100G Ethernet [3, 4]. TexHonoruu obMeHa JaHHBIMU
Ha MaJIbIX PACCTOSIHUAX [5] Takke TpebyIOT yBenHde-
HUSI CKOPOCTHU Iepefady AaHHBIX MeXXJy KOMIIOHeH-
TaMU Pa3IHYHBIX YCTPOMCTB U 060pynoBaHHUs (puc.l)
[6].

Hcnonp3oBaHue MHK-muamasoHa 4YacToT [MOJs
BBICOKOCKOPOCTHOH IlepefayMd [AaHHBIX He IIpef-
CTaBJISIETCSI BO3MOKHBIM: CKOPOCTb Ilepefiadyll B JaH-
HOM J[Halla3oHe OrpPaHHYeHa COTHSMH Merabut
B CeKyHAY [7], 3TO CBSI3aHO C MaJIoM 4YyBCTBUTEJIb-
HOCTBIO INPHEMHHUKOB H3IyueHUS, OUODY3HBIMHU
II0OTePSIMH Ha OTpPaskeHHue, HAJIMYHeM CHJIBHOIO CBe-
TOBOTO IIyMa B OKPYsKalolleH cpefie, a TaKXKe Orpa-
HU4YeHHeM II0 MOLIHOCTH H3/Iy4YeHHs H3-3a OIac-
HOCTU IIOBpEeX[eHHs OpraHoB 3peHUs [8]. Takum
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The increasing majority of mobile devices,
hotspots, the emergence of video formats

with ultra-resolution and growing amount of
stored and transmitted data led to the demand

of higher throughput and data rate wireless
communications. Thus, several approaches have
been developed to achieve high data rates in
wireless networks. It is shown that the most
reasonable approach is to use the THz frequency
range for wireless communications. This paper is
devoted to the recent progress in implementation
and application of the photonic-based terahertz
(THz) communication systems. Prospects in the
development of technology and component base is
also discussed.

INTRODUCTION

High speed of transmission in fiber optic networks
reaching Pbit/s [1] leads to increased requirements
for volume and data transfer rate in wireless access
systems. According to Edholm’s law of increased
data transfer rates in wireless links [2], data
transfer rates of dozens and hundreds Cbits - not
less than 24 Cbit/s will be required for broadcasting
UHDTV television data by 2020; and for 100G
Ethernet support 100 Cbit/s will be needed [3, 4].
Short-range data exchange technologies [5] also
require increasing data transfer rates between the
components of different devices and equipment
(Fig.1) [6].

Use of infrared band for high speed data transfer
does not seem possible either: data transfer rate in
this band is limited by hundreds of Mbit/s [7] due
to low sensitivity of radiation receivers, diffuse
reflection losses, existence of light noise in the
environment, as well as radiation power limitation
due to the risk of visual impairment [8]. In such a
way, there are to possible approaches to achieve data
transfer rates of 10-100 Gbit/s in wireless networks;
first of them implies increase of communication
line spectral efficiency up to dozens of bit/s/Hz;
the second approach consists in the increase of
frequency band to few dozens of GHz. The last
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Fig 1. Growth of data transfer rate in wire, mobile and wireless communication systems [6]

o6pa3o1v1, IJ1s1 JOCTH>KeHU S CKopocTer 10-100 réurt/c
B 6eCITPOBOZHBIX CETSX BO3MOXKHO HCIIONB30BATh IBA
IyTH: MEepBBIM IIOApa3yMeBaeT yBeJHYeHHe CIeK-
Tpa/IbHOM 3P PeKTUBHOCTHU KAHAJIOB CBSI3U M0 JIeCST-
KOB 6UT/c/TLl; BTOPOM 3aK/IIOYaeTCs B yBelHUUYeHUHU
IIOJIOCHL YaCTOT 0 HEeCKOJIbKHX HEeCSTKOB TMrarepi.
[TocmeqHUM IIOAXO[ IIPefCTaBisieTcsl Hanboee Lese-
coobpasHBIM U IIpeAIlonaraeT HCIIOIb30BAaHHE Tepa-
repleBoro guamnasoHa yacTor (0,1-10 TT'11), IOCKOIBKY
MMEHHO B JAHHOM AHAIla30He PacIIoNaraeTcsi Heob-
XOIMMBIM I10 BeJIMUKHe yYacTOK He3ape3epBUPOBaH-
HOIO CIIeKTpa.

CylmecTBYIOT M [Jpyrue IpeHMyllecTBa IIpHU-
MeHeHHs] CyOMHIIMMeTPOBBIX BOJIH B JIHHHSIX
6ecIpoBOJHOM CBSI3U II0 CPaBHEHUIO C OIHK-
HuM HK-pumamasoHom crekTpa. Bo-mepsbeix, TIL-
CUTHA/bl UCIBITBIBAIOT MeHblIee 10 CPaBHEHHUIO
¢ UK-curHanamMu ocnabreHre NPH TeX >Ke IIOrOf-
HBIX YCJIOBHSIX — Hallpumep, INph TyMaHe [9, 10].

approach seems to be the most feasible and implies
using terahertz frequency band (0.1-10 THz), as this
very band includes required section of unreserved
spectrum.

There are some other advantages of using
submillimeter waves in wireless links compared
to near infrared spectrum region. First of all, THz
signals are less lost, compared to infrared signals,
under the same weather conditions - for example,
in case of fog [9, 10]. Second, fain-phase fluctuations
caused by local changes of atmospheric refractive
index almost don’t influence the transmission
of THz radiation, but they limit application of
infrared radiation based systems [9-11]. Described

CokpaleHus
KAM —KkBagpaTtypHas aMmnanTygHas Moayasums
KMOIT — komMmnaeMmeHTapHasa CTpyKTypa

Bo-BTOpBIX, aMIIIUTYAHO-pa30Bble GIYKTYaILlHuH, MeTas/I-0KCUA-NONYNPOBOAHUK
BbI3BaHHBIE JIOKAJIbHBIMM HM3MEHEHHSIMHU IIoKa3a- EDFA- nermpoBaHHbIN 3p61eM BOSOKOHHbIN
TeJIs IIpeJIOMJIEeHU I aTMOCHePBl, TAaKKe [IPaKTHYeCKHU ycmnnTenb

He BJIMAIT Ha pacrapocTpaHeHue TII-HM3/Ty4YeHUS, SOA — NonynpoOBOAHUKOBbIN ONTUYECKNIA
HO OrpaHHYHBAIOT IIpHMeHeHHe CHUCTeM Ha OCHOBe ycunuTenb

HK-usnydenus [9-11]. OnucaHHBIe IpeHMMYyIlecTBa
XapaKTepHBI /11 YacTOT, IIOIIaJAMMX B OKHA IIPO-
3PaYyHOCTH aTMoChephbl, a MMEHHO B JHalla30Hax
75-100; 110-150; 200-300 1 600-700 I'T1y [12]. ITpu cTONB
IIMPOKUX OOCTYIIHBIX II0JIOCAX YaCTOT Ja’ke IIpHU
IpPUMEHEeHUU IIPOCTeHIIer aMIUIUTYLHOM MOZYIs-
LMK MOTYT OBITb JOCTUTHYTHl CKOPOCTH Ilepefadu
IAHHBIX B OeCATKU TUrabut B cexkyHAy [13, 14]. Eme
O HO IperMyIecTBO TTI-IMHMU CBSI3U 3aK/II049aeTCs

O - doToamos

@ — GoTONPOBOAHMK

S0M — 371eKTpOONTUYECKUIN MOAYISTOP
MM — 31eKTpO-MOrIOLLAIOLLMIA MOAYIATOP
EDFA — 3pbureBbIn BOIOKOHHbIV YCUAUTENb
SOA — NonynpoBOAHUKOBbLIA ONTUYECKMIA
ycunuTenb

[ABLL — anof Ha ocHoBe 6apbepa LWoTTKM
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B BO3MOXHOCTH OCYIIeCTBJIEHU S
Ha UX OCHOBE CUCTeM 3allUIlleH-
HBIX KOMMYHHKaIUH [15].

ITockonpky TIu-u3nydyeHue
CUJIBHO 0C1absieTcss mpHU pacIpo-
CTpaHeHHH B aTMochepe, KaK 3TO
II0Ka3aHO Ha PHC. 2, TO obracTh
npumMmeHeHus TI1I-CBSI3H B OCHOB-
HOM OTpaHH4YeHa JIOKaJbHBIMHU
ceTssMHU 6eCIIpOBOJHOIO AOCTYIIA.
IIpy  Heob6XOAHMOCTHU IIepe-
Hoca Tl'-curHasoB Ha OaJIbHUE
OUCTAHLUHUM IPUMEHSIOT TeX-
HOJOrHK Monaylaauuu Ha TIo-
YaCTOTax OITHUYECKHX CUTHAJIOB,
nepefaBaeMbIX II0 BOJIOKHY [14,
16]. XapaKTepUCTHUKH IIOIJIOlIe-
HHUs U pacCesHHUs KaHajla pac-
npoctpaneHus TT-U31ydYeHUS
BHYTPHU IIOMeIleHHUMN HCCIedy-
I0OTCS TeOpeTHYeCKH U 3KCIIepHU-
MEHTAJIbHO C y4eToM IudPy3HOro
paccesHus BOMTH Ha HEPOBHO-
CTSIX TIIOBEPXHOCTEeH, OTpaske-
HHS OT MHOTOCJIOMHEIX CTPYKTYP
u pudpakuuu (11, 17].
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Puc. 2. AMnaumyoHbil cnekmp, NoAy4eHHbIl NocAe NPoxXoxkoeHus Tl y-umnyabca
co cnekmpom om 0,100 1 TTu, uepe3 167-memposbili onmu4eckuli KaHaa, 8 Komo-
pom nozaouieHue U usmeHeHUst opMbl UMNYAbCA BbI3bI8AAUCH AMMOCGHEpPHbIMU
napamu 800bl c OMHocUuMeAbHOU 8AaXXHOCMbto 51% npu 21°C. 3oHbl | u 11 060-
3Ha4arom onmumManbHble ammocGepHole KOMMYHUKAUUOHHbIE KAHAAbI C UeH-
mpanbHbiMu Yacmomamu 95 u 250 Ty, coomeemcmaeHHo. Ha scmaske nokasaH
CneKkmp UCX0dHO020 UMNYAbCA U CNeKMp NpUHUMAemMozo umnyabca [12]

Fig. 2. Amplitude spectrum obtained after passing of THz pulse with spectrum of
0.1-1 THz through 167-meter optical channel, absorption and change of pulse form
in which were caused by atmospheric water vapors with relative humidity of 51% at
21°C. Zones | and Il are optimal atmospheric communication channels with central
frequencies of 95 and 250 GHz correspondingly. Insert shows the spectrum of

Tru-bECNPOBO/AHDbIX
JIMHNU CBA3U

reference pulse and received pulse spectrum [12]

Tro-cucTeMsel 6ecr1p0B0/:[H0171

CBSI3U IIOAPA3Me/IsiloTCSd Ha ONTHYeCKHe, 3JIeKTPOH-
Hble U THOpHUAHBIe, B 3aBHUCHUMOCTH OT HCIIONb3ye-
MBIX KOMITOHEHTOB. Haubonbiiee pacnpocTpaHeHHe
K JaHHOMY MOMEHTY IIOJIyYHJIH HMeHHO Iubpup-
Hble (CMeIlaHHble) CHCTeMBl, IIOCKOJIbKY Ha JaHHOM
3Talle pa3BUTHSA GQOTOHHUKHU U 3JIeKTPOHHUKHU UMEHHO
coyeTaHMe 37TeKTPOHHBIX M OINTHUYECKHUX YCTPOMCTB
I103BOJISIeT JOCTUYb PeKOPAHBIX CKOPOCTEH Iepefadu
OAHHBIX.

TubpungHas b6ecmpoBogHas nAuHUA TII-CBA3U
MosKeT OBITh peanK30BaHa Ha OCHOBE JBYX II0JIXOJOB,
B 3aBUCHMOCTH OT MeToAa reHepanuu TI1-cUrHala.
IIpu omHOM IoAxone reHepalms TIIl-CMTHaIa OCy-
IIEeCTBJISACTCS TeXHOJIOTHSMU GOTOHHKH, IIPHU IOPY-
TOM — T€XHOJIOTHSIMHU 3JIeKTPOHUKHU. BbIJIO IOKa3aHO,
YTO IIOAXOA K reHepauuu TIL-CHIHajla Ha OCHOBE
TEeXHOJIOTUH (OTOHUKU Hawubosee IenecoobpaseH
C TOYKH 3PeHHs HIHPHUHBl HCIONb3yeMOH II0JI0CHI
YacTOT, BO3MOKHOCTEH IIepPeCTPOMKH M CTabub-
HOCTH, M MOXKeT IPHMEHSTbCS [/ JOCTHKeHUS
CKOPOCTeH Iepefavyd JAaHHBIX A0 10 ['6ut/c u 6osee,
[IOCKOJIbKY [JOCTYIIHBl Te/JIeKOMMYHHKAIIMOHHBIE
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advantages apply to frequencies falling within
atmospheric transparency windows, namely in
bands 75-100 GHz, 110-150 GHz, 200-300 GHz, 600-
700 GHz [12]. In case of such wide available frequency
bands, even during use of the simplest amplitude
modulation data transfer rates in dozens of Cbit/s
may be obtained [13, 14]. One more advantage of THz
communication lines is the possibility of protected
communication systems based on them [15].

As THz radiation is significantly lost during
dissemination in the atmosphere, as it is shown in
the fig. 2, field of THz communication application
is mainly limited by local wireless access networks.
In case, if it is necessary to transfer THz signal
to long distances, THz optical signal modulation
technology is used for signals transferred by fiber
(14, 16]. Characteristics of absorption and spreading
of THz radiation transfer channel indoors are
theoretically and experimentally studied, wave
diffuse scattering on surface irregularities,
multilayer structure return and diffraction are
taken into consideration [11, 17].
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BBICOKOYAaCTOTHBIE pa,ELI/IOCI/II“ OMNTN4ECKOro MOAYNATOp ‘ KOHBepTep

HaJabl Ha JJIUHHBIE TUCTAHIIUU curHana

(16, 34]. Kpome Toro, 6e3ycioB-

MK-nasepol S0M EDFA on Ycunurenb

HBIM IPEHMYIIeCTBOM II0JX0/a o SAM oA on

Ha OCHOBe (QOTOHMKH, SBJISIETCS

TOT GaKT, YTO OIITOBOJIOKOHHBIE 5

Puc. 3. Obwas cxema 2ubpudHol cucmembi 2eHepauuu Tl Uy-CU2HAAG HA OCHO8e
u becrrpoBogHble KOMMYHHUKALIHM- 2
mexHoAnozuli pomoHuKu [3]

OHHBIE CETH MOryT OPraHHYHO Fig. 3. General scheme of hybrid THz generation system based on photonic

COeIMHSITHCS C TOUKH 3pEHUS CKO- technology [3]

POCTH Iepefadyy JaHHBIX U GOp-

MaTa Mopynauuu (15, 18, 19].

JaHHas paboTa MOCBSIIEHA ITOCTeTHUM JOCTUKe-
HHUSM B 06/1aCTH peasn3aliiu TMOPUIHBIX U IIOJIHO-
CThIO OIITUYECKHX GECHPOBO,E[HI:IX cuctem TT1-cBSI3U
Ha HeCYIIHX YacTOoTax 60ee 100 ITw c IIpUMeHeHHeM
TeXHOJIOTUM QOTOHUKH [J151 FeHepallii CUTHAJIOB.

KOMMOHEHTbI U KOHOUTYPALIUN CXEM
FEHEPALIUN CUTHATIA

MeTonsl reHepaluM OINTHYECKHMX CHUTHAJIOB
Ha OCHOBe TeXHOJIOTHH GOTOHHKHU, Haubomee saddex-
TUBHO INPHMeHseMble B 0eCIIPOBOJHBIX CHCTeMax
Tr1-CcBA3HM, BKJIKOYAKT reHepaunum TII-CMTHAJ/IOB
CBepXOBICTPBIMU HMITYIBCHBIMU J1a3epaMu  [20]
M TreTepoAMHHPOBAHHE ONTHYECKUX OHeHUM
(poTocMmelieHMe) HeIlpepbIBHOIO H31ydeHHUs [3, 19,
21-23]. Obwasa cxema reHepaluH ONTHYeCKOTO CHTI-
Haja MeTofaMH (QOTOHHMKHU H306paskeHa Ha pHC.3.
ONTHUYeCKHUM CHUTHAJI, HWHTEHCHBHOCTb KOTOPOIO
mopynupyerca Ha Tlm-yacToTax, CHa4daja TeHepH-
pyeTcs ONTHUYeCKHM HCTOYHHKOM (C MMITYyJIbCHBIM
HJIM HeIIpePbIBHBIM H3jIydeHHeM), a 3aTeM KOOHUPY-
eTCd 3JIeKTPOOITUYECKUM MOAYISTOPOM Ha OCHOBE
nHTepdepomeTpa Maxa-llanzgepa. HakoHer, oruba-
IOIas OIITHYECKOIo CUIHaJla KOHBepTupyercsa B TI-
CUrHaa GoTogromaoM UK GOTOIIPOBOJHHUKOM, IIOCIIE
Yero OH MCIIYCKaeTCsd B OTKPBLITOe IIPOCTPAHCTBO
AHTeHHOHW. B HeKOTOpBIX claydasix 3a (OTOLHOLOM
[IOMeIlal0T yCHJIMTe/Jb MOLIHOCTH HK/H/IH 4YacTOT-
HBIF YMHOXHTe/Ib, eC/IH TOJIBKO JaHHBIe 3JeKTPOH-
HBle yCTPOMCTBAa [JOCTYIIHBI Ha HYKHBIX 4YacTOTaX.
B KayecTBe reHepaTopa OINTHYECKOTO CMTHAaJa Yalle
BCcero ImpuMeHsOTCa HK-mmonymnpoBoagHKHKOBBIE
7masepel, IMO3TOMY HeOTbeMJIEMOH 4YacTbhl0 TaKHX
CXeM ABJISIOTCS HaJesKHble U 3KOHOMUYECKH BBITOJ-
Hble TeJIEKOMMYHHKAIIMOHHBIE KOMIIOHEHTBI: OITH-
yeckoe BOJOKHO, 3pbueBble BOJIOKOHHBIE YCHJIH-
TeJIM U IOJYIPOBOSHUKOBEIE JIa3epHBIe YCUIUTEIH.

APPROACHES TO REALIZATION

OF THz WIRELESS LINKS

THz wireless communication networks are divided
into optical, electronic and hybrid networks
depending on used components. Nowadays, hybrid
(mixed) systems are the most widely used, as at this
stage of development of photonics and electronics
this very combination of electronic and optical
devices allows obtaining records data transfer
rates.

Hybrid THz wireless communication link
may be realized on the basis of two approaches,
depending on the method of THz signal generation.
One approach includes THz signal generation by
means of photonics technologies, the other one -
electronics technologies. It was demonstrated that
photonics based approach to THz signal generation
was the most feasible regarding used frequency
band, possibilities of reconstruction and stability;
it may be applied to obtain data transfer rates
up to 10 Cbit/s and more due to availability of

Abbreviations

QAM —Quadrature amplitude modulation
CMOS - Complementary metal-oxide-semiconductor
structure

EDFA- Erbium doped fiber amplifier

SOA - Semiconducting optical amplifier
PD - Photodiode

PC — Photoconductor

EOM - Electro-optical modulator

EAM — Electro-absorption modulator
EDFA — Erbium doped fiber amplifier

SOA - Semiconducting optical amplifier
SD - Schottky diode
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Hnsa mopynauuu TTu-curHasoM 3¢QPeKTHBHO IIpU-
MeHseTCsl yIIpaB/ieHHe HaIllpssKeHHeM CMelleHUS
KOHBepTopa [19].

B ciyyae reHepaliMu CUTHAJIOB MeTOLAMH POTO-
HUKH OITO3JEeKTPOHHBIN mpeobpasoBarensd (dpoTo-
ouon vl GOTONPOBONHUK), paboTaromuil Ha AJIH-
HaxXx BOJH 1,3-1,55 MKM, SBJISIeTCSI KJIIOYEBBIM
KOMITIOHEHTOM: B JOIOJHEHHE K OIITHUYECKHM HCTOY-
HHMKaM CHUTHaJIa OH, B KOHeUHOM CueTe, ollpelenser
IIPOM3BOJUTE/IBHOCTD Iepeauld B OTHOLIeHUH IIPO-
IIyCKHOM CIIOCOBHOCTH KU MOITHOCTHU [22]. Hamuboree
pacIIpoCTpaHeHHBIMH M KOMMePUYEeCKH JOCTYITHBIMU
SABJSIIOTCSL QOTOIPOBOAHMKH HAa OCHOBE BbIpallleH-
HBIX DU HH3KOM TeMIlepaTrype CTPYKTyp GaAs
(LT-GaAs) mas OIWH BOJIH JIa3€pHOro H3Iy4YeHHU S
700-900 HM, ¥ Ha ocHoBe CTPYKTyp LT-InGaAs msa
IOIUH BonH 1300-1600 HM (23, 24]. Ha npakTuke ¢oTo-
IIpOBOAAIIMe MaTepHaybl 4Yallle BCero KMCIIOJIHSIOT
POJIb MepeK/IouaTesiel, 3aK/JIYeHHBIX B CTPYKTYPY
MeTaJaau4decKux (K IIpUMepy, 30J0ThIX) aHTEHH,
0bpasys ¢orompoBofsInre aHTEHHBI. [IpH ocBelle-
HUU TaKOM CTPYKTYPbl UMIIYIbCAMH (eMTOCeKYHJ-
HOH OJIUTeNbHOCTH (QOTONPOBOASLIMU IIepeKova-
Te/Ib IePeXONAUT K3 M3O0JIUPYIOIIEro B IIPOBOALIIee
COCTOsiHMe. B pesynbraTe mmepexoga BO3HHMKaeT KOPOT-
KU MMIIYJIbC TOKA, KOTOPBIM U SIBJISETCSI UCTOYHH-
KoM TTLI-H3/1y4eHU .

®OTONPOBOAHUKU U GOTOIIPOBOISINKME aHTEeHHBI
IIPUMEHSIOTCS KaK C UMIYJIBCHBIMH, TaK U C HeIpe-
PBIBHBIMU MCTOYHHKAMM OIITHUYECKOTO CHIHAJIA,
Torga Kak GOTOAMOABl C TOUKK 3PEHHUS BBIXOJHOU
MOIIHOCTHU 6oJiee 3o eKTHBHEI B COUeTAHUH C Hellpe-
PBIBHBIMM HCTOYHHKAMH. i TreHepallMd W Peru-
CTpallMK HellpephIBHOIO TTII-M3/1yYeHU A IPUMEH 0T
MeTon, doTocMemeHHUs (3, 19, 21-23]. IIpu maHHOM
noaxome reHepanusa TII-M31y4YeHUS MHPOHUCXOOUT
B pe3y/IbTaTe reTepOoAMHHOIO CMellleHUs U BBe,eHHU
B GOTOIPOBOISAINYIO CTPYKTYPY MK GOTOLHOM ABYX
CBETOBBIX BOJIH Pa3HOM 4acToThl. Ha puc.4a cxema-
THUYHO H300paskeHa peanH3alUs NAHHOIO MeToha
C IIOMOIIBIO [BYX JIa3€pPHBIX UCTOYHHKOB C IIepecTpa-
MBAaeMbIMHU OJIUHAMH BOJH. [JaHHAsI TeXHUKA reHe-
pauuu obnamaer psSAOM IIPeHMYINeCTB AJISL IIPUMe-
HEeHHUS B TFL[‘6ECHPOBO,E[HI)IX CUCTeMaXx CBSI3U:. OHa
obecrieurBaeT HAaUOONBIIHH AHUAIIA30H II€PeCTPONKHU
YacTOThl M3ny4YeHus - oT ITi- mo TIL-peruoHa.
[ToMHMO 3TOTO, IIPX JAaHHOM IIOAXOJ€e He BO3HHUKAeT
HeoOXOMMMOCTH B JOPOTOCTOSIIIUX 3TeKTPOHHBIX
YCTPOMCTBAaX, PabOTAIOMMX Ha YacTOTaX MHJIIH-
MeTpoBoro u/unu Tru-guamasoHa. HyskHo, omHaKo,
OTMETUTh, 4YTO IJisd 3OPeKTHUBHOro GOTOCMEIIeHHU
MOsIpU3aliksd, YacTOThl U pa3bl BBOAHMMBIX OIITH-
YeCKHUX IIYUKOB JOJIKHBI OBITh IIOCTOSSHHBI, II03TOMY
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such telecommunication components as lasers,
modulators and photodiodes working at such data
transfer rates. Use of fiber optic cables allows
transferring high-frequency radio signals at long
distances [16, 34]. Besides that, absolute advantage
of photonic approach is the fact that fiber optic
and wireless communication networks may be
smoothly combined regarding data transfer rate
and modulation format [15, 19].

This work is devoted to the newest achievements
in realizing hybrid and fully optical THz
communication wireless systems at carrier
frequencies exceeding 100 GHz using photonic
technologies for signal generation.

COMPONENTS AND CONFIGURATION OF
SIGNAL GENERATION SCHEMES
Methods of optical signal generation based on
photonic technologies that are the most efficiently
used in wireless THz communication systems
include generation of THz signals by means of
ultrafast pulsed lasers [20] and heterodyning of
optic beats (photomixing) of continuous radiation
(3, 19, 21-22, 23]. General scheme of optical signal
generation by means of photonic methods is shown
in the fig. 3. Optical signal whose intensity is
modulated on THz frequencies is at first generated
by optical source (with pulsed or continuous
radiation), and then it is coded by electro-optical
modulator based on Mach-Zehnder interferometer.
Finally, optical signal envelope is converted to THz
signal by means of photodiode or photoconductor;
then it is emitted to open space by antenna. In some
case power amplifier and/or frequency multiplier
is placed after the photodiode, if these electronic
devices are available at required frequencies.
Infrared semiconductor lasers are frequently used
as optical signal generators, that’s why reliable
and feasible telecommunication components -
optical fiber, erbium doped fiber amplifiers and
semiconductor laser amplifiers - are essential parts
of such schemes. Control of converter electrical bias
is effectively used for THz signal modulation [19].
In case of signal generation by means of photonic
methods, optoelectronic converter (photodiode or
photoconductor) working at wavelengths of 1.3-1.55
pm is the key component additional to optical signal
sources; eventually, it determines transmission
capacity regarding capacity and power [22]. The
most widespread and commercially available are
photoconductors based on structures grown at low
temperatures - GaAs (LT-GaAs) for 700-900 nm
laser wavelengths and LT-InGaAs for 1300-1600 nm
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Heob6XOAHMMO BBOJUTb B CXeMY CHCTeMBbI $a30BOK
cuHXpoHM3auuK. TakuM o06pa3oM, IpHMeHeHHe
OIITUYeCKHUX cMecUTesner s Tl -TeHepalluu HMeeT
psn IIpeMMYyIecTB — OHM HeZOoporue, KOMIIaKTHEIE,
paboTaroT ImpHU KOMHATHOM TeMIlepaType H JMOIo-
CKYIOT IIepecTPOUKY 4YacCTOTBl H3nIydeHHs. OfHAKo,
JIOBOJIBHO y3Kas I10JI0Ca IIPOIIYyCKaHMs, BbI3BaHHAasd
IIPUCOeNUHSIEMBIMH K HUM 115 60ombuieil 3¢ beKkTHB-
HOCTH H3JIy4YeHHS aHTeHHaMU, OrpaHUYHBaeT IIPU-
MeHeHHe cMecHuTesner B TIT-beclIpOBOLHBIX CHCTe-
MaX KOMMYHHUKALHUH, ITOCKOJBKY [JISI JaJbHEHIIero
yBeJMYeHHsI CKOPOCTH IlepelJadM HAHHBIX Heobxo-
OUMBI OOJIBIIME II0JIOCHL YACTOT. BBIXOZOM MOXKET
SIBJISITHCS pa3paboTKa CMeCUTEeTbHBIX AHTEHH C BBICO-
KOH CIIeKTPaJIbHOL I10/I0COM IIPONYCKaHUS U 3bdek-
THUBHOCTBIO, a Takke OONbIIMM ycuieHueM (mis
KOMIIEHCAIIMU IIOTePh MOIMHOCTU H3JIYyUeHUS IIPU
pacIpocTpaHeHUH CHUTHaja B Bo3dyxe). Hampumep,
B [25] coobmiamoch 0 CO3OAaHMU aHTEHHBI Ha OCHOBE
$GOTOHHO-KPUCTAJIMYECKOU CTPYKTYPHI, IIOJTHOCTBIO
MIOKPhIBAIOIIEl [Hamna3oH oT 275 po 320 ITi. PaHee
6pu1n pa3paboTaHbEl GOTOCMECHUTENHN CO BCTPOEHHOH
AHTeHHOM, U Ha HUX OCHOBe IIPOAEeMOHCTPHpOBaHa
reHepalUs H3Jy4eHHUS C MepecTpaMBaeMOI YacTo-
TOM B Anana3soHe 30-300 [Ty [26].

Ha pucy. 46 nokasaHa JIpyrasi reTepogHHHAS TeX-
HHUKa reHepanuu TTL-M3/71y4YeHHUsI, KOTopas II03BO-
JIs1eT I10J1y4aTh CUTHAJIBL C HU3KUM $a30BbIM LHIYMOM
[27-29]. KiroueBBIMHU KOMIIOHEHTAMHU SBJSIIOTCS FeHe-
pPaToOp ONMTHUECKON YaCTOTHOHN TrpebeHKU U OITHYe-
CKUU QUIIBTP, BBIAEISIONIUU ABe YacTOThI ONTHYe-
CKOM rpebeHKH. ONTHUYECKYI0 YaCTOTHYIO IpebeHKy
[IOJIy4aloT THU60 C IOMOIIBIO JIa3epHOM CHCTeMBI
C CHHXpOHH3aILlMer Mop, 160 Monyasnued Herlpe-
PBIBHOTO ITyYKa JIa3epPHOro U31y4eHUs. TakKUM obpa-
30M, TFeHePHUPYIOTCS MHOTOYaCTOTHBIE OIITHYEeCKHe
CUTHaJIbl, HMHTEPBaJbl MeXAY KOTOPHIMH PaBHEI
MEe>KMOJIOBOHM 4YacToTe f, sl 11a3epoB C CHHXPOHU-
3aljMer MOJ, IIpH4YeM BCe MOAL CHHXPOHH3HPO-
BaHBl II0 dase. BrmeneHMe M KOMOMHALIHS ABYX
MOJI, OCYIIECTBJISeTCS MeXAYy MOLAMH C HHTepBa-
nom Nf,. OcHoBHast 4yacTtoTa f, 06BIYHO HAXOOUTCS
B auarmasoHe oT 10 mo 30 ITr, a1 KOTOPOTO OIITHYe-
CKHe MOAYIATOPHl U YIIPaBJIAIOLIMe 3JIeKTPOHHBIE
YCTPOKCTBAa KOMMepPUYeCKH MAOCTYIHB, U GaKTOp
YMHOXeHHSI N MOkeT HOCTHUIaTh 3HaueHUM 6oiee
50. IToCKOIBKY BO3MOKHA TOYHAsl IlepecTporKa f;
C [IOMOIbIO CHHTEe3HUPOBAHHOIO FeHepaTopa CUTrHalla,
TO YaCTOTA CHUTHAaJ/Ia Ha BBIXOAEe MOKeT HeIlPepBIBHO
MeHsThCs oT f, mo Nf,.

Kak oTMeuasnoch BhIIle, BO BceX FHOPHUIHBIX Cxe-
Max Hpu redepanuu TTn-curxaga metomaMu ¢oro-
HHUKU OIITO3IEKTPOHHBI ITpeobpa3oBaTesb IBISIETCS

Syl 4

wavelengths [23-24]. In practice, photoconductive
materials the most often are used as switches
surrounded by the structure of metal (for example,
golden) antennas, forming photoconductive
antennas. During lighting of such structure
with femtosecond pulses, photoconductive switch
changes its state from isolating to conducting; in
the result of such change short current pulse which
is the source of THz radiation is formed.

Photoconductors and photoconductive antennas
are used with pulsed as well as continuous optical
signal sources; photodiodes are more effective in
combination with continuous sources from the
point of view of output power. Photomixing method
is used for generation and registering of continuous
THz radiation [3, 19, 21-23]. With such approach,
THzradiation generation results from heterodyning
and application of two light waves of different
frequencies into photoconductive structure. Fig. 4a
contains schematic demonstration of such method
realization by means of two laser sources with
adjustable wavelengths. This generation technique
has a number of advantages for use in THz wireless
communication system: it provides the largest
range of radiation frequency change -from GHz
to THz region; besides that, with such approach
expensive electronic devices working at frequencies
of millimeter and/or THz range are not needed.
However, one needs to understand that for efficient
photomixing polarization, frequencies and phases
of inserted optical beams must be continuous, that’s
why it is necessary to add phase synchronization
systems to system scheme. In such a way, use of
optical mixers for THz generation has a number of
advantages - they are cheap, compact, they work at
room temperature and allow changing radiation
frequency. However, rather narrow bandpass
caused by antennas attached to them in order
increase radiation efficiency limits application of
mixers in wireless communication systems, as
for further increase of data transfer rate larger
frequency bands are required. The solution may
consist in development of mixing antennas with
high spectral bandpass and efficiency, as well
as significant amplification (for compensation of
radiation power losses during signal dissemination
with air). For example, in [25] it was said that
antenna based on photonic-crystal structure was
developed; such antenna fully covers the range of
275 to 320 CGHz. Photomixers with built-in antenna
were developed earlier; generation of radiation
with changeable frequency at 30-300 CHz range
was demonstrated on their basis [26].
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K/IIOYeBbIM KOMIIOHEHTOM. [IJIs1 BBICOKOCKOPOCT-
HOHM Ilepeladyyd JAHHBIX B becrmpoBomHbIX TTII-
CHCTeMax CBSI3M C HeCyNIMMM YacToTaMu Oonee
100 ITu HeoOXOOMMBI MOIIHBIE OIITO3JIEKTPOH-
Hble ITpeobpa3oBaTeny, paboTamomiye Ha BBICOKHX
YacToTax.

Cpenu doromuonmos Oy AuarasoHa 1550 HM
HaubosbllIell MOIIHOCTBIO Ha BBIXOHe 001afaroT
CBepXOBICTPOLEHNCTBYOIIEe OTONUOABL Oeryuien
BOJIHBI, C pa3/elbHBIMU O0IACTSIMHU IIOI/IOMIEHU S
H3/Iy4eHUsI U pas3feneHUd GOTOHOCHUTeNeH C pac-
IMUPEeHHBIM JHHAaMHUYeCKUM [uarnaszoHoM (Uni-
Travelling-Carrier win UTC-PD) [jist aHAJIOTOBBIX
BOJIOKOHHO-OIITHYECKHUX JUHUU CBSI3H, U UX MOJIH-
GUKALIMU: II0JIy4YeHa MOIIHOCTD 6omee 20 MBT
Ha 4yacrtoTe 100 IT1, 6omee 500 MKBT Ha 4JacToTe
350 I'T1, 6omee 100 MKBT B muamasone 350-450 I'Tix
U 6osee 10 MkBT Ha uactoTte 1 TIu- [23,24,26,28].
YacTo a1 yBelrdeHUs 3OPeKTHBHOCTU POTOLU-
0Jla ero UHTEeTPUPYIOT C IIJIOCKOK aHTEeHHOM.

HOna nOpakThdyeckoro mnpuMeHeHuss UTC-
doTonmomoB B cucTeMax 6ecrrpoBomHOM TI1I-CBSI3H
HeoOXOAMMO yBeTHYHUTbh BBIXOJHYIO MOIIHOCTb
Ha yactoTax Belle 500 [Tt 6oee yeM Ha MOPSIIOK.
PaboTel HaJ yBelHUYeHHEM MOUIHOCTH (OTOLHO-
[IOB BeyTCs 10 TPeM OCHOBHBIM HaIlpaBJIeHUSIM:
ycTpaHeHHe 11pobieMsl Harpesa B UTC-doTonmonax;
pa3paborka 3>PPeKTHBHOrO COeJUHEHUS MeXIY
doTomHOmOM M AHTEHHOM U CO3[JaHHE MACCHBOB
doTtommomoB M aHTeHH. Kpome TOro, MOCKOJIBKY
YCUIMTENINM MOUIHOCTH, OIepUpyIollye Ha JAHHBIX
[10JI0CaX YacTOT, II0Ka KOMMep4eCKH He JOCTYIIHHI,
OOHUM H3 Haubonee 3peKTUBHBIX [IOXOI0B SIBJISI-
eTCsl MCIIONb30BaHHE YaCTOTHOIO YMHOXKUTE.
K nmpumepy, Mossep u Ap. [30] moNy4HIH C TIOMOIIBIO
TaKOTO II0/IXO/Ia BBIXOJHYIO MOILIHOCTH B Bojee uem
1 MBT Ha yacTtoTe 625 I'T11, HauaB C OCHOBHOM YaCTOTHI
13IT.

Onss 3pPeKTUBHOrO coemqUHEeHHS (POTOMUOMLOB
M aHTeHH paspabarsiBaioT TII-BoHOBOAB. K mpu-
Mepy, OblIM paspaboTaHbl QOTOLHOAHBIE MOMYIH
C IOJABIMH IIPSAMOYTOJAbHBIMU BOJHOBOLAMHU [JIs
W-ntonocsl yacTtot (75-110 I'T1x), F-mrosmocer (90-140 I'T1),
D-mosnockr (110-170 I'T1r) u J-mionockl (220-325 I'T1) [26].
Benyrcs paboThHl IO CO3LAHUIO BOJHOBOZLOB [JISI
bosee BBICOKMX YaCTOT - HAIpUMep, pa3paboraH
IIOJIBIM CTeKJASTHHO-MeTa/UTMYeCKHUM BOJTHOBO, C HaU-
MeHBIIUM 3aTyXxaHueM 0,95 nB/M A7 4YaCTOTHI
2,5 T [31].

OCHOBHDbIE METOAbl PETUCTPALUU
Insa pereXTHpoBaHUSA TIII-CUIHAJIOB IIPHMEHSIOT
JIBa OCHOBHBIX IIOJXOHa — IIpSIMOe JeTeKTHpOBaHHEe
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Puc.4. Cxema zeHepauuu cuzHana: a) — Memodom onmuye-
CK020 2emepoduHUposarus (pomocmewerus); b) - c ucnonp-
308aHUemM onmuyeckoli yacmomHoli epebeHKu [28]

Fig. 4. Scheme of signal generation: a) - Scheme of signal
generation by means of optical heterodyning (photomixing);
6) — Scheme of signal generation by means of optical frequency
comb [28]

Another heterodyne technique of THz radiation
generation is shown in the fig. 4b; such technique
allows obtaining signals with low phase noise
[27-29]. Key components are: generator of optical
frequency comb and optical filter separating two
frequencies of optical comb. Optical frequency
comb is obtained either by means of laser system
with mode synchronization or by means of
modulation of continuous laser beam. In such a
way, multifrequency optical signals with intervals
between them equal to intermodal frequency
f, for lasers with mode synchronization are
obtained; at this, all modes are synchronized by
phase. Separation and combination of two modes
is carried out between modes at the interval
of Nf,. Basic frequency f, for lasers with mode
synchronization is within the range of 10-30 GHz;
optical modulators and controlling electronic
devices are not commercially available for such
range, and multiplication index N may reach values
exceeding 50. Due to possibility of exact change of
f, by means of synthesized signal generator, output
signal frequency may be continuously changed
from f, to Nf,,

As it was mentioned before, optoelectronic
converter is the key component of all hybrid
systems during generation of THz signal by
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[BLLU/6onomeTtp [BLL/6onomeTtp
AnoaHbIn E DNEKTPOHHbIN E
)))) AT 6on0meTp )))) UL cMmecuTenb
TaneKTpmweCKM (E)
CurHan (J1r)
a) b)
[BL/CnC OMN/EC/DL,
DN1eKTPOHHbIN E DOTOHHbIN E,O
)))) AHTEHHa )))) AHTeHHa
cMecuTenb cmecuTenb
E TOI‘ITVNECKVIVI (0)
OnTuueckun O ofE- OonTuyecknin
curuan (Ir) RCLEERICR curuan (Ir)
Q) b)
Puc. 5. Cxema demexmuposaHus: a) — npsimozo demekmuposaHus Tl u-cuzHaia; b) —zemepoduHHoe demekmupo8aHUe Ha 0CHO8e
JBLL cmecumens u 2emepoduHa; ) u d) — 2emepodUHH020 demekmupo8aHUs ¢ 2emepodUHAMU HA 0CHOBe ONMUYeCKol 2eHepd-
uuu Try-cuzHana [23].
Fig. 5. Scheme of THz-signal detection: a) - Scheme of direct THz signal detection; 6) - heterodyne detection based on SD mixer
and heterodyne; 8) and 2) - schemes of heterodyne detection with heterodynes based on optical generation of THz signal [23]

v reTeponrHHoe (puUc.5). BKauecTBe MpHeMHMKA Yallle
BCEro HCIIONB3YIOT JUOAEI ¢ 6appepoM IloTTKM ([IBIII)
u 6ormometrprl. IIpsMoe meTeKTHpoBaHHe (pHC.53d)
SIBJIsSIeTCsl Hauboslee pacIIpoCTPaHEHHON METOLUKOM
U1 M3MepeHHsl aMIUIMTYObl MM MoIfHoCTH TIL-
M3Jly4YeHHUs, IpefebHas 4acToTa JeTeKTHPOBAHMS
OBII mMoxkeT mocturath 10 TTI mpU NpHUMeHeHHU
MaTepuaaoB Ha ocHoBe GaAs u 1,5 TT1 mpu mpu-
MeHeHHH 130-HM KpeMHHeBOM TexHonoruu KMOIIL.
leTeponuHHOE NeTeKTHPOBaHHKe Ha ocHoBe JIBIIl cme-
CUTeNIsI U MeCTHOIo reHepaTopa KonebaHHUM (reTepo-
nuHa) (puc. 56) mpemocTaBisieT 6OJBIIYI0 YYBCTBHU-
TeJIbHOCTh U ($a30By10 uHPopmanuio o TIi-curuane.
Ha pucyHKe 5B M 5T IOKa3aHBl CXeMBbI T'e€TePOJMH-
HOI'O [IeTeKTHPOBAHUS C TeTepoAMHAMM, B KOTOPBIX
resepanus TTL- CHIHaIa OCYIIeCTBIISETCS METOOAMH
doToHUKU. [IperMMyILIeCTBO CXeMBbl Ha PHC. 5B COCTOUT
B TOM, 4YTO curHaj TI'-reTepofgrHa MOXKHO I10[BeCTH
C IIOMOIIBIO ONTHYECKOro BOJIOKHA, a I10jioca IIPO-
IIyCKaHUS IpHUeMHHKA YBeJIMYMBAETCSA 3a CUeT BO3-
MOKHOCTeH 6o0jlee IIMPOKOM I€PeCTPOMKH YaCTOTHI
IIpYU reHepaluy CuTHasia MK monynpoBogHHKOBBIMH
naszepaMu [23]. B coueTaHUHU € QOTOCMECHUTENSIMHU
reTepoAMHHAs CXeMa Ha PHC. 5T IIPeJoCTaB/seT Hau-
OonBIIyI0 I0JIOCY MPONycKaHHUs. B KauecTBe ¢oTo-
cMecHTesler 06bIYHO MPHUMEHSIOT GOTOIPOBOJHHUKHU,
¢doTorrpoBoasINie AHTEHHBI U QOTOLMOLEL.

means of photonics. For high rate data transfer
in wireless THz communication systems with
carrier frequencies exceeding 100 CHz powerful
optoelectronic converters working at high
frequencies are needed.

Among photodiodes for 1550 nm range, ultra-
rapid travelling wave diodes with separate
zones of radiation absorption and separation of
photocarriers with extended dynamic range (Uni-
Travelling-Carrier or UTC-PD) for analog fiber optic
communication lines and their modifications are
characterized with the highest output power: power
of more than 20mW at the frequency of 100 GHz,
over 500 pW - at the frequency of 350 CHz and over
100pW at the frequency range of 350-450 CHz and
over 10uW at the frequency of 1 THz was obtained
[23-24, 26, 28]. Photodiode is often integrated with
flat antenna to increase its efficiency.

For practical use of UTC photodiodes in wireless
THz communication systems it is necessary to
increase output power at frequencies over 500
GCHz more than in sequence. There are three
major directions of works on photodiode power:
elimination of UTC diode heating; development
of efficient connection between photodiode and
antenna and creation of photodiode massifs and
antennas. Besides that, as power amplifiers
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OEMOHCTPALNUN CUCTEM
BECMPOBOAHOW Tru-CBA3U

BriepBble TI'1-OecripoBofHasl CHCTeMa CBSI3U C HeCy-
men 4dactoton 6omee 100 I'Tu 6pU1a IpeiacTaBiIeHA
B 2000 rogy komnanuen NTT [32]. CucTema npejcTaB-
nsina cobort 6eCIIpoBOAHYIO IMHUIO C HeCYIIeH 4acTo-
Ton 120 IT1, B KOTOPOM TeHepallds U MOZY/ISLIHS
CUTHAJIOB OCYIIeCTB/IS/IaCh CpeACTBAMH GOTOHHKH.
JocTukeHKe becrIpelieZleHTHON CKOPOCTH Ilepefadu
B 10 I'6ut/c [14] IIOATONKHY/IO pa3sBUTHEe 3TeKTPOH-
HBIX KOMIIOHEHTOB /151 6€CITPOBOAHBIX CUCTEM CBSI3H,
Y BIIOCJIEZICTBUU 6bla pa3paboTaHa yske IOTHOCTHIO
3JIeKTPOHHAsl becripoBomHAsl CHCTEMa Ha OCHOBE
KMOII, c nomoIipio KoTopor B 2008 rony 6plia mpo-
BeleHa TPaHC/IALIMS B PeKHUMe PeajbHOro BpeMeHU
ONMMMIHUMNCKUX UTP B BelI>XKHUHTe [33]. TTocme 3TOTO
pa3paborka cuctem TI1-6eCIPOBOLHOM CBSI3U IIPO-
TOJIKUIACh OBICTPBIMU TEeMIIAMHU: B TeUeHHe CIelyIo-
IIMX JIeT 6bLIN OIy6IKMKOBAHBI Pe3yIbTaThl SKCIIEPHU-
MEHTOB II0 Ilepe/iade JAaHHBIX Ha HeCYLIHMX YacTOTax
75-110 I'T1 [16, 34, 35], 140 I'T1, [36], 200240 I'T11 [37, 38],
250-400 I'Tw [7, 29, 39, 40, 42], 625 TT1 [29, 30].

Pa3paboTkoil 6eCrIpoBOJHBIX KOMMYHHKAIIHOH-
HBIX CHCTeM Ha OCHOBe II0[X0[0B GOTOHHKH B I10JI0CE
yacTtoT 75-110 ITn (W-muamasoH) 3aHHMaeTcs P
Hay4YHbIX KO/JIEKTHBOB. BbIJIO IPOLEMOHCTPHUPOBAHO
HeCKOJIBKO TaKHUX CHCTeM: Halpumep, B pabote [16]
omucaHa 100-T6ut/c rubpunHas 6ecrpoBomgHas
JIMHHUS CBSI3H Ha OCHOBE OIITHYECKOH reTepofUHHOM
an-KoHBepcuH 12,5 TbuT ontHuyeckoro 16-KAM cur-
HaJla OCHOBHO I10JIOCHI C IOJISIPH3al]MIOHHBIM YILIOT-
HeHHeM Ha PacCTosHHuAX mo 120 cMm. BriociencTBuu,
3THM >Ke KOJ/UIEKTUBOM IIpefjiokeHa CHCTeMa Iiepe-
Jauyu JaHHBIX B W-IHalla3oHe Ha OCHOBe reHepaTopa
ONTHYeCKOM IrpebeHKH, C IIOMOIIBIO KOTOPOTO IIPOH3-
BOJIMJIACh OMHOBpeMeHHas reHepanusa TT-CUrHaI0B
IIKMPUHOM I10/10CHl B 15 I'T1] 110 TpeM KaHajlaM C OpTO-
TOHAJIBHBIM YaCTOTHO-IIPOCTPAaHCTBEHHBIM VILJIOT-
HeHHeM CO CKOPOCThIO 8,3 ['6uT/c B KasKIOM M3 KaHa-
noB [34]. TeHepalMsi OCHOBHOM II0OJIOCBI YacCTOT
Y [IPHEeM OCYIIeCTB/SINCH IT0 MeTOAKKe, OITMCaHHOM
B pabote [16], a paccTosiHHe IepefadyH JOCTHUTAJIO
JIBYX METPOB.

Eme ogMH Hay4YHBIM KOJJIEKTUB IIpPefCTaBUI
CUCTeMy Ilepefayd OJaHHBIX B W-IHalasoHe, B KOTO-
PO¥ IlepefaTUMK U [IPHEeMHUK BBIIIOTHEHBI HAa OCHOBE
APXUTEKTYPbl MMIIYIbCHOIO Ppamuo [35]. [JaHHas
CHCTeMa I03BOJIM/IA JOCTHUYb CKOPOCTH B 10 I'6uT/C
KaK B BO3Jlyxe, TaK U I10 BOJIOKHY.

B pabore [36] ommcaHa becrrpoBofHAsI CHCTeMaA
IepefayM AAaHHBIX Ha HeCylleM d4acToTe 140 ITr
C MaKCHMAaJIBHOM CKOPOCTBIO Ilepemadu B 10 I'6ut/c
Ha paccTosiHue B 1,5 KM He B peajibHOM BPeMeHH.
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operating at these frequency bands are currently
commercially unavailable, one of the most effective
approach us the use of frequency multiplier. For
example, Moeler et al. [30] obtained output power
over 1 MW at the frequency of 625 GHz, having
started from 13 GHz, by means of such approach.

For effective connection of photodiodes and
antennas THz waveguides are being developed.
For example, photodiode modules with hollow
rectangular waveguides for W-frequency band (75-
110 GHz), F-band (90-140 GHz), D-band (110-170 GHz)
and J-band (220-325 GHz) were developed [26]. Works
on creation of waveguides for higher frequencies are
being carried out. For example, hollow metal-glass
waveguide with the lowest attenuation of 0.95 dB/m
for the frequency of 2.5 THz was developed [31].

BASIC REGISTRATION METHODS

Two basic approaches are used for detection of THz
signals - direct detection and heterodyne detection
(fig. 5). Schottky diodes (SD) and bolometers
are the most frequently used as receiver. Direct
detection (fig. 5a) is the most widespread method
for measurement of amplitude or power of THz
radiation, limit detection frequency of SD may
reach 10 THz in case of using GaAs based materials
and 1.5 THz in case of using 130 nm silicone
CMOS technology. Heterodyne detection based on
SD mixer and local oscillator (heterodyne) (fig. 56)
provides higher sensitivity and phase information
on THz signal. Heterodyne detection schemes with
heterodynes with THz signal generation by photonic
methods are shown on fig. 5c and 5d. Advantage of
the scheme in the fig. 58 is that THz heterodyne
signal may be led by means of optical fiber, and
receiver bandpass is increased due to possibilities
of more diverse frequency change during signal
generation by infrared semiconductor lasers [23].
In combination with photomixers heterodyne
scheme (fig. 5r) provides the largest bandpass.
Photoconductors, photoconductive antennas
and photodiodes are the most frequently used as
photomixers.

DEMONSTRATION OF WIRELESS

THz COMMUNICATION SYSTEMS

For the first time wireless communication system
with carrier frequency over 100 GHz was presented by
NNT Company in 2000 [32]. This system presented a
wireless line with carrier frequency of 120 GHz with
generation and modulation of signals by means
of photonics. Obtaining of unprecedented data
transfer rate of 10 Cbit/s [14] led to development of
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CMecHuTenb Cy6rapMOHUK KM YMHOXKHUTEIb Ha OCHOBE
bapbepHBbIX A10A0B [IoTTKH, H-06pa3HBIH [10/1I0COBOL
&uneTp, aHTeHHa KaccerperHa M Jpyrue KOMIIO-
HEHTBl CHUCTeMbl OblIM pa3paboTaHbl Ayisi obecrie-
YeHHSs BBICOKO3)GEeKTHUBHOM Ilepefadu U NpHeMa.
Jliss OOCTU>KeHHUS CIEeKTPaJbHOU 3PPeKTHUBHOCTH
B 2.86 6ut/c/TL mnpuMeHsIach 16-KBaapaTypHas
AMIUIMTYAHAS MOLY/ISLIMSA.

AKTHBHO BefyTcsl paspaboTku cuctem becripo-
BOJHBIX KOMMYHHKALlMM B JHala3oHe 4acToT 200-
240 ITu. B pabote [37] coobmiaeTcst 0 AOCTUKEHHHU CKO-
pocTy mepemauu B 100 [6UT/c HA HecymleH YacToTe
237,5 ITL, reHepupyeMoOHt IIPH CMeNIeHHUH [BYX IIOf-
HeCyIIHX JIa3epoB C CHHXPOHM3allKMer MOJ C IIOMO-
mpr0 UTC-dpotommonma. HcciienoBaHbl pa3aiHuUHBIe
PeKMMBI  MOIYIALMHU. OCyIIeCTBIeHA Ilepefaya
co CKOpoCThIO 50 [6UT/C IpH KBaApaTypHOH $a30BOM
Momynanuu; 75 Téut/c mpu 8-Gpa3oBor MOAYIALUU;
50 C6uT/c Ipy KBaApaTypHOH aMIUIUTYAHOM MOAY-
nauuy; 100 T6MT/c mpu 16-KBagpaTypHOU (a30BOMH
MOAYIALUMU. [JUCTaHLUSA IIepefadyy BO BCeX CIydasx
Ob1a paBHA 20 MeTpaM. IIpreM oCyIecTBseTCs MpHU
IIOMOIIM 37IeKTPOHHOI0 OJHOYMIIOBOTO Ipeobpa3oBa-
Te/lsl C MOHM>KeHHEeM 4YacTOThl Ha OCHOBe aKTHBHOM
MHJIIMMeTPOBOK MOHOJIMTHON MHTerpajibHOM CXeMBI.
ToT >Ke KOJIJIeKTHUB aBTOPOB BIIOC/IeICTBUM I1PeACTaBHUII
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electronic components for wireless communication
systems and, consequently, fully electrical wireless
CMOS-based system was developed, by means
of which real time broadcasting of the Olympic
Games in Beijing was carried out in 2008 [33]. After
this, development of wireless THz communication
systems was carried out quite fast: during next
years, the results of experiments on data transfer
at carrier frequencies of 75-110 CHz [16, 34, 35],
140 GHz [36], 200-240 GHz [37-38], 250-400 GHz [7, 29,
39-40,42], 625 GHz [29-30] were published.

A number of scientific groups are engaged in
development of wireless communication systems
on the basis of photonics at frequency range of
75-110 CHz (W-range). Several such systems were
demonstrated: for example, in publication [16] 100
Gbit/s hybrid wireless communication line based on
optical heterodyne up-conversion 12.5 Cbit optical
16-CAM signal of basic band with polarization
multiplexing at distances up to 120 cm. Further,
this team offered data transfer system for W-range
based on optical comb generator, by means of
which simultaneous THz signal generation with
bandwidth of 15 CHz on three channels with
orthogonal frequency and special multiplex and
data transfer rate of 8.3 Gbit at every channel [34].
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CHUCTeMy Ilepelavy SAHHBIX C IPUMeHeHHeM OT OJHOU
[I0 Tpex HeCyIIMX Ha YacToTax oKoJjio 237 I'T11 gyt ogHo-
[IOJISIPM3aLIMOHHOM Ilepefjlayll Ha pacCTosiHHe oT 20
1o 40 MeTpoB CO CKOPOCTSIMH OT 75 ;o 100 T'6mt/c [38].
Y3KOIO/IOCHBIe CHIHalbl TII-Hecyllen reHepHpoBa-
nuck porocMmernienuem B UTC-poTogrome AByX BBICOKO-
CTabH/IBHBIX JIMHUH J1a3epa C CHHXPOHM3aLHMer MOJ.
JNMeKTpHUUeCKUI CUTHAJI Ha BblxoAe GOTOAMONA H3/Y-
4aJICs IIPH [TIOMOLIY PYIIOPHOL aHTEHHBI, OCHAILleHHON
nrH3aMH. KpoMe NpUHHUMAIOIIEH PYIIOPHOM AaHTeHHBI
C IMH30M IIPUEeMHBIM MOAY/b COlep’Kal MOHOIUTHEIE
HHTEerpUpOBaHHEIE CXeMBI CO CMECUTE/IIMU U YCUIIH-
TeNIIMU. O>KHIAeTCs, UYTO TaKoe CHHepreThyeckoe
ucnonbs3oBaHue TIT-GOTOHUKHU U 3MeKTPOHUKHU, IOy~
YHBIIee Ha3BaHHe 'TEPAaTOHMKA', NO/KHO IIpHBe-
CTH K becripoBOIHOM Ilepefiade B HECKOJIBKO TepabUT
B CEKYH/Iy Ha pPacCTOsIHU S 6071ee OLHOTO KHJIOMETpa.

Juanaszox 300-400 IT1y Ha JAHHBIM MOMEHT IIpef:-
CTaB/seTCs Haubollee MEPCIEKTUBHBIM C TOUKH 3pe-
HHUSI CKOpPOCTeH Iepelayl AAaHHBIX. ABTOpaMu [39]
omucaHa paboTaromasi Ha paccTosHUU 0,5 M becripo-
BOAHASI CHCTeMa IIepeflaud CO CKOPOCThIO 14 I6buTt/c
Ha Hecyme 4dacTtoTe 300 I'Th. TTL-CUTHalI reHepUpy-
eTCsd reTepOOUHHPOBAHHEM CBeTa OT [BYyX HCTOYHM-
KOB C IlepecTparBaeMOM [JIMHOH BOJIHBEI H3Ty4YeHHS,
a 3aTeM MOZY/IHMPYeTCS ONTUYECKUM MOZYISITOPOM
MHTEHCHBHOCTH Ha OCHOBe TreHepaTropa MMITYIbCHBIX
KOZIOB, IIOC/Ie Yero ONTH4YeCKHH CUTHal KOHBePTHUDY-
eTcd B 3/eKTpHUUecKHUM ¢ nomomplo UTC-dpoTomuonma
Y TeHepUPYeTCs B OTKPBITOE IIPOCTPAHCTBO PyIIOPHOM
AaHTeHHOM. B KavdecTBe IpHeMHHKa IIPHMeHSETCS
6appepHBIH fuOA LIIOTTKH.

B cratbe [29] rpymma SIIOHCKUX yYeHBIX coobliaer
0 6e3omnb0YHON Iepelade MAHHBIX Ha HeCyIleH
vacrtoTe 300 I'T1 B peskrMe peaibHOIO BpeMeHHU C MaK-
CHMAJIPHOM CKOPOCTBIO Ilepenadyu no 40 Ibut/c mus
OZIHOrO KaHaja u Ao 48 [6uT/c o151 KaHaJIa C IOJSpH-
3aLMOHHBIM YIUIOTHeHHeM. [loka3aHo, YTO IIPH IIOBBI-
MIeHUU IIPOIYCKHOIM CIIOCOOHOCTH OCHOBHOM I10JIOCBI
YaCcTOT CXeMBI JeTeKTOpa BO3MOKHO IIONIYYHUTh CKOPO-
cty 50 1 100 ['6uT/c myIg JAHHBIX KaHAJIOB, COOTBET-
cTBeHHO. Tak>Kke onrcaHa 600-IT1 cucTeMa, IIOKa3bkIBa-
IoIast, YTO HeCyIasi 4acToTa MOKeT OBITh yABOEHA J/IS
obecriedeHus 6oee BHICOKOM CKOPOCTHU Ilepejadyu AaH-
HbIX. HakoHen, 1y IpHMeHEHHsS MHOIOYPOBHEBBIX
CXeM MOAYJIALIMY [Jis Ilepelayl B PesKMMe PeaibHOro
BpeMeHH CO CKOPOCTSIMU Bbille 100 [6uT/c IpenioskeH
$a30cTabUIN3MPOBAHHBIN IepefaTYUMK Ha OCHOBe
OIITUYECKOM 4YacTOTHOM rIpebeHku. Pabora Takom
CXeMBbl IIpOBepeHa 3KCIIepHMeHTa/IbHO Ha HecylleHn
yactoTe 100 I'T1I.

B pabote [40] mpomeMOHCTpHUPOBaHa lepefada JaH-
HBIX Ha Hecymefl yacTote 300 IT1y co ckopocThiO 12,5
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Generation of basic frequency band and receiving
was carried out according to the method described
in publication [16], and transmission distance
reached 2 meters.

Another scientific team presented W-range data
transfer system in which transducer and receiver
are manufactured on the basis of pulsed radio
architecture [35]. This system allowed reaching 10
Gbit/s data transfer rate in air, as well as in fiber.

In publication [36] wireless data transfer system
at carrier frequency of 140 GHz with maximum
data transfer rate of 10 Cbit/s at the distance
of 1.5 km in non-real time mode was described.
Subharmonic mixer and Schottky diode multiplier,
H-type band filter, Cassergain antenna and other
system components were developed in order to
ensure highly efficient transmission and receiving.
16-quadrature amplitude modulation was used for
obtaining spectral efficiency of 2.86 bit/s/Hz.

Developments of wireless communication
systems for frequency range of 200-240 GHz are
actively carried out. In publication [37] itis said about
obtaining transfer rate of 100 Cbit/s with carrier
frequency of 235.7 GHz, generated during mixing of
two laser subcarriers with mode synchronization
by means of UTC photodiode. Different modulation
modes are studied; transfer with data transfer
rate of 50 Gbit/s was made at quadrature phase
modulation; 75 Gbit/s at 8- phase modulation; 50
Cbit/s at quadrature amplitude modulation; 100
Gbit/s at 16-quadrature phase modulation. Transfer
distance in all cases was 20 meters. Receiving
was carried out by means of electronic single chip
converter with frequency lowering based on active
millimeter monolithic integrated circuit. The same
team of authors further presented data transfer
system with the use of 1-3 carriers at frequencies
of around 237 GHz for single polarization transfer
for the distance of 20 to 40 meters at rates of 75
to 100 Gbit/s [38]. Narrow band signals of THz
carrier were generated by photomixing in UTC
photodiode of two highly stable laser lines with
mod synchronization. Electrical signal at the
photodiode» output was emitted by means of cone
antenna with lens, receiving module contained
monolithic integrated circuits with mixers and
amplifiers. It is anticipated that such synergistic
use of THz photonics and electronics named
teratonics should lead to wireless transfer of several
Tbit/s at the distance over 1 km.

300-400 GHz range at this time is the most
perspective regarding data transfer rate. In
publication [39] wireless data transfer system
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F6UT/C C TIOMOLIBIO IlepeJaTYMKa Ha OCHOBE TEXHO-
noruri GOTOHHUKMU M IIPHEeMHOr0 MOZY/ISL Ha OCHOBe
yCOBepIeHCTBOBAHHOIo bapbepHoro nuona IIOTTKH.
OTMeYaeTcs, YTO BO3MOXKHOCTH [JAaHHOM CHCTEMBI
He OTPaHHUYHBAIOTCSA JOCTUIHYTOM CKOPOCTBIO Ilepe-
Ja4d, AajbHeHIIHe yCOBePLIeHCTBOBAHMS II03BOJIST
IepefaBath JaHHBIE CO CKOPOCTHIO fo 20 u bosee rura-
OUT B CEKyHY.

Cpenu HOBeHIIHX Pa3paboTOK B AAHHOM [AHaIla-
30He 4YaCTOT MOXXHO OTMeTHUTh pabory [41], aBTOpEI
KOTOPOH IIpeAJIOKHU/IN CHUCTeMy IlepeJadyl OaHHBIX
Ha vacTtoTax Bblmle 250 ITIy ¢ mpuMeHeHHeM aMILIH-
TYAHOM MOZY/ISILUK Ha OCHOBe OCHAIIeHHOIO BOJIHO-
BomoM UTC-dotomuona 1 6apbeprIM nuonom IIoTTKU
C MHTEeTPUPOBAHHOK AaHTEHHOH B KadeCTBe IMpHEM-
HHUKa. BpUIa mpomeMoHCTpHpoBaHa Oe3ommubouHas
repesiada co CKOPOCTHIO 24 TOUT/c HA HecyInel 4acToTe
300 ITu Ha paccTtosiHHe okojo 50 cM. Kpome Toro, maH-
HBIM KOJIJIEKTHBOM pa3paboTaH IpHeMHUK Ha OCHOBE
MOHOJIUTHOM MHTerpasbHOM CXeMbl MHUKPOBOJHOBOI'O
JHalla3oHa C IpUMeHeHHeM COBpeMeHHOM InP TexHo-
JIOTHH OUIIONSIPHOTO TPAH3UCTOPA Ha reTepoIlepexofe.
19 KOMIAKTHOCTH YCTPOMCTBA aHTeHHA, pajHova-
CTOTHBIH YCHJIMTe/Ib, AMIUIMTYOHBIN eTeKTOP U yCH-
JIUTeNb ObUIM IOJTHOCTBIO MHTETPHPOBAHBI HA ONHUH
uun. [ToMHMO 3TOro MJIsl Ja/bHEUIIero yBelU4eHH s
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working at the rate of 14 Cbit/s at carried frequency
of 300 GHz at the distance of 0.5 m is described.
THz signal is generated by heterodyning of light
from two sources with changeable wavelength, and
then modulated with optical intensity modulator
based on pulsed code generator; after that optical
signal is converted to electrical one by means of
UTC photodiode and generated to open space by
cone antenna. Schottka diode is used as receiver.

In the article [29] a team of Japanese scientists
informed of accurate transfer at carrier frequency
of 300 GHz in real time mode with maximum
data transfer rate up to 40 Gbit/s for one channel
and up to 48 Gbit/s for channel with polarization
multiplexing. It is shown that during increase of
capacity of basic frequency of detector scheme it is
possible to obtain data transfer rates of 50 Cbit/s
and 100 Gbit/s for these channels correspondingly.
Also 600 GHz system showing that carrying
frequency may be doubled for providing higher data
transfer rate was described. Finally, for the use of
multilevel modulation schemes for transfer in real
time mode at rates over 100 Gbit/s phase stabilized
transducer based on optical frequency comb was
presented. Operation of such scheme was tested
experimentally at carrier frequency of 100 CHz.
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CKOPOCTH Ilepelayd [OAHHBIN KOJJIEKTUB pa3paba-
ThIBaeT TTI-TpaHCHBep, ONEpPHUPYIOUIUI Ha YacToTe
300 ITi, Ha OCHOBe MOHOJIHTHOH I/IHTerpaJIbHofI
CXeMbl MHKPOBOJIHOBOIO [HaIla30Ha C MHOIOYpPOBHe-
BOU MOAY/ISLIHEH.

B HemaBHel paboTe [42] ONIMCBIBAETCS JIMHUS CBSI3H
CO CKOpOCTHIO Ilepemavum 3 I'6uT/c HAa OCHOBe KBa-
OPaTypHOM aMIJIUTYIHOM MOIYISILIMKU BBICOKOIO
nopsigka (16-KAM) u ¢ Hecymen gactoroi 0,34 TIL
s 6ynymmuX JOKaJbHBIX OeCIPOBOLHBIX CETeH.
B maHHOM CHCTeMe HCIIONb3YIOTCS TeTepoJHHHBIe
TPaHCHUBEPHEl U TexXHHKa I1apa/lJIe/IbHOU LUPPOBOM
06paboTKK maHHBIX. [IpU IOMOIIM [ABYX CIeLH-
anpHO pa3paboTraHHBIX aHTeHH KaccerperHa 6sl1a
JOCTUTHYTAa OHUCTAHLKUS Ilepefadyu B 50 MeTpOB.
Kpome Toro, mpencTaBieH MPOTOTHUII JIOKAJIbHOU
becripoBogHOM ceTH Ha 4dacTtoTe 0,34 TI'1] Ha OCHOBe
rnportokosia IEEE 802.11 co cKOpOCThIO ITepefayvyu JaH-
HBIX B 6,536 MOUT/C Ha pacCTOSHUU B 1,15 M.

3AKJ/TIOMEHUE

TepareplieBsle KOMMYHUKAIIUK SIBISIOTCS Haubosee
MIepCIIeKTUBHOK TeXHOJIOTHeH MJIS OCYIeCTBIeHUS
OecIrIpoBOHBIX JIOKAJIBHBIX CeTel CBSI3K B CBeTe PacTy-
KX TpeOOBaHUI K CKOPOCTH Iepejaul MHPOPMaLILH.
Bo MHOrMX cTpaHax BeLyTCsl paboThl [0 CTAaHIAPTH-
3allMM U pery/sliu TeparepleBokl I10/I0Ck 4acToT [6],
B TO BpeMs Kak B fnonuu B 2014 rony yske oQUIIHaTBHO
BBIZIE/IM/IM II0JIOCY YacTOT Ha 120 ITi ast 6ecrrpoBos-
HOM JTMHUU CBsI3H [43].

Bypyiiee TeparepueBblX CHUCTEM CBS3H, HeCO-
MHEHHO, HaIIPIMYIO CBS3aHO C pasBUTHEM (OTO-
HHUKHU. [IepCrIeKTUBHOM SIBJISIeTCSI HHTerpanus GoToH-
HBIX M 3JIeKTPOHHBIX YCTPOMCTB C MCIIOJIb30BAHHEM
COBPeMEHHBIX TeXHOJIOTHI HM3TOTOB/IIEHHUS, TAKUX KaK
KpeMHHeBass POTOHMKA, [JIS CO3JaHH KOMITAKTHBIX
U 3KOHOMHUYeCKH 3PeKTUBHBIX TII-TpaHCHBEPOB.
Yske HauaTa paspaborka TTL-yCHIMTeser MOLIHOCTU
U IpefyCHIMTeNlel [Js MepeJaTYNKOB U IIpHeMHHU-
KOB Ha OCHOBe KpeMHMEeBOM TeXHOJIOTHH. K mpuMepy,
HelIaBHO OBUI pa3paboTaH IepBBIM MHUHHATIOPHBII
YCHIUTEb, pa60Ta10Lum?1 Ha yacTtotax 1 Tl u 1,3 TT'1g,
c ycuneHreM B 10 1 9 16, cOOTBeTCTBeHHO [44].

3a C4eT BeJIMYHHBl JOCTYIIHOM II0JIOCBI 4YacTOT
B Tl1-IMaa3oHe Ja’ke Ha OCHOBe IIPOCTEHIIHX MeTO-
OB MOIYIALMHU II0JIyYeHa CKOPOCTh Ilepefayu LaH-
HBIX B HECKOJIBKO JIeCSITKOB TMTabUT B ceKyHAY. B 6iu-
JKammieM OyayIieM poCT CKOPOCTH Iepeiavy JaHHBIX
B 6eCIIpOBOAHBIX JIMHUSAX CBSI3aH C IIPUMeHEeHHeM
CJIOKHBIX MHOIOYPOBHEBBIX CHCTeM MOIYIALIMU U pas-
JTUYHBIX METOAOB YIUIOTHeHHs. Ha cerogHsSIIHUMI
IeHb Y>Ke CYIIeCTBYIOT ITPOTOTHUIIBI 6ecIpOBOJHBIX
TeparepLOBbIX CHUCTeM KOMMYHHKAILIMH, PeKOpAHas
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In publication [40] data transfer at carrying
frequency of 300 CHz with rate of 12.5 Cbit/s
by means of transducer based on photonics and
receiver module based on enhanced Schottky diode
was demonstrated. It is noted that possibilities
of such system are not limited to obtained data
transfer rate, further enhancements will allow
transferring data at the rate up to 20 and more
Cbit/s.

Among the newest developments in this
frequency range one may name publication
[41], where authors offered data transfer system
for frequencies over 250 GHz with the use of
amplitude modulation based on UTC-photodiode
equipped with waveguide and Schottky diode
with integrated antenna as a receiver. Error-free
transmission at the rate of 24 Cbit/s at carrier
frequency of 300 GHz at the distance of around
50 cm was demonstrated. Besides that, this team
developed receiver on the basis of monolithic
integral circuit of microwave range with state-
of-the-art InP technology of bipolar transistor at
heterojunction. For compactness of the device
antenna, radiofrequency amplifier, amplitude
detector and amplifier were integrated in one
chip. Besides that, for further increase of data
transfer rate this team is working on THz
transceiver operating at 300 GHZ frequency based
on monolithic integral circuit of microwave range
with multilevel modulation.

In recent publication [42] communication
line with data transfer rate of 3 Cbit/s based
on high level quadrature amplitude modulation
(16-CAM) with carrier frequency of 0.34 THz for
future local wireless networks is described. In
this system heterodyne transceivers and parallel
digital data process system is used. By means of
two specially developed antennas it was possible
to obtain transfer distance of 50 meters. Besides
that, prototype of local wireless network at 0.34
THz frequency based on IEEE 802.11 protocol with
data transfer rate of 6.536 Mbit/s at the distance of
1.15 m was presented.

CONCLUSION

Terahertz communications are the most
perspective technology for realization of
wireless local communication networks taking
into consideration growing requirements for
data transfer rate. In many countries works on
standardization and regulation of terahertz
frequency band are carried out [6]; meanwhile,
in Japan, in 2014 frequency range of 120 GHz
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CKOPOCTb Ilepeflayd AAaHHBIX B KOTOPBIX AOCTHUIAeT
100 Ir'éuTt/c.

JanpHeHIIMN POCT CKOPOCTH IlepefaBae-
MO B 0eCIIpOBOOHBIX CeTsIX HHQOPMAI UK CBS-
3aH C NpPUMEeHeHHeM HMMIYIbCHOM TTL-ONTHKH.
K npumepy, paspaboTaH HIPOTOTHUII YCTAHOBKHU
[ Tepefayd OJAHHBIX C IIPUMeHeHHeM KMMIIYIbC-
Horo TTI-MCTOYHHKA CO CIIEKTPOM HMMIIy/ibca oT 0,1
no 1 Trw [45]. KogupoBaHHe HHPOPMAILIUHU B CIIEKTpe
Ka>kKJIoro IIHMPOKOIIoaocHoro TTI-uUMIynibca Tak Ke,
KakK ¥4 B IIOC/IeIOBATEeJIbHOCTH UMIIYIbCOB, IIPOM3BO-
JHUJIOCh II0 OPUTHMHAJIBPHOM METOJHKE, ONHMCAHHOU
B pabore [46]. KpoMe TOro, MMeeTcsi BO3MOXKHOCTb
yBeJIMUYeHMs CIIeKTpa IlepegaBaeMoro HMIIYyJbCa
no 3HaveHus 0,1-10 TI'1i, YTO MO3BOJIMUT YBEIHYUTH
CKOPOCTH IepefayM OJaHHBIX 10 100 TOUT/C B JIOKAIb-
HBIX 6eCIIPOBOIHBIX CETSX M CHCTEMax CIIyTHHKOBOK
CBSI3H.
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was already officially assigned for wireless
communication line [43].

The future of terahertz communication systems
is without any doubt directly connected with
development of photonics. Integration of photonic
and electronic devices with the use of modern
manufacturing technologies such as silicone
photonics for creation of compact and economically
efficient THz transceivers 1is perspective.
Recently, development of THz power amplifiers
and preliminary amplifiers for transducers and
receivers based on silicone technology has started.
For example, recently, the first mini-amplifier
operating at 1 THz and 1.3 THz frequencies with
amplification in 10 and 9 dB correspondingly was
developed [44].

Due to the size of available frequency band
in THz range, even on the basis of the simplest
modulation methods, data transfer rate of several
dozens of Cbit/s was obtained. In the nearest
future increase of data transfer rate in wireless
networks is connected with the use of complex
multilevel modulation systems and different
methods of multiplexing. Nowadays, prototypes of
wireless terahertz communication systems already
exist; record data transfer rate of such systems is
100 Cbit/s.

Furtherincrease of data transfer rate in wireless
networks is connected with the use of pulsed THz
optics. For example, prototype of installation for
data transfer with the use of pulsed THz source
with pulse spectrum of 0.1 to 1 THz was developed
[45]. Information coding in the spectrum of every
wideband THz pulse, as well as pulse sequence was
carried out by means of original method described
in publication [46]. Besides that, it is possible to
increase transmitted pulse spectrum up to 0.1-10
THz which will allow increasing data transfer
rate up to 100 Tbit/s in local wireless networks and
satellite communication systems.
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