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C 30 mapta no 2 anpensi B MockBe

B LIBK «3kcnoueHTp» npowna XV exerogHas
MexayHapoaHas crneuManmsMpoBaHHas BbICTaBKa
Jla3epHOM, ONTUYECKOW U ONTO3/IEKTPOHHOM
TeXHUKU «®oToHUKA. MuUp nasepoBs 1 ONTUKUY,
cTaBwas B 2021 rogy ro6uneiiHon. K coxxaneHumio,

B 2020 roay u3-3a NaHAeMuU BbicTaBKa 6bina
oTMeHeHa. TpagULMOHHO 3TO MeponpusTue
AIBNAETCS KAO0YeBbIM CO6bITUEM ANS
oTe4YeCcTBEHHOM OTPaC/IN BbICOKUX TEXHOIOM NI

B cpepe GpOTOHUKU, ONTUKU U N1a3epHOMI

TEXHUKU, Ha KOTOPOM He TO/IbKO NpeACcTaB/ieHbl
oTe4yecTBeHHbIe U 3apy6eXHble MpoM3BOAUTENN
crnewumannm3MpoBaHHOro o6opyaoBaHus

M ONMTUYECKMX KOMMOHEHTOB, HO 1 NPOBOAATCS
3acefaH1a TeMaTU4eCcKUX CeKLMii 061LINpHOM
[,.e10BOV NPOrpaMMbl, Ha KOTOPbIX A0K/IaA4YUKN
BeAyLNX POCCUNCKUX HAYYHO-UCCeA,0BaTEIbCKUX
M NPOU3BOACTBEHHbIX NPeanpUATUN NpeacTaBAStoT
nepepoBble pe3y/ibTaTbl CBOEM AeATeNIbHOCTU.

KntoyeBble cnoBa: panodoTOHMKA,
KOHpepeHuKns, 0630p, paanodoToHNKA B Poccum
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Modern Microwave

Photonics in Russia:

Report From the Scientific-
Practical Conference “Microwave
Photonics” in the Framework of the
Congress of the Photonics Russian
Technological Platform
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The XV International specialized exhibition of
laser, optical and optoelectronic equipment
“Photonics. World of Lasers and Optics” took
part from March 30 till April 2. The exhibition
became an anniversary in 2021. Unfortunately,
the exhibition was canceled in 2020 due to
the pandemic. Traditionally, this is important
event for the high-tech industry in the field of
photonics, optics and laser technologies, where
manufacturers of specialized equipment and
optical components from different countries
are represented. Also meetings of thematic
sections of an extensive business program are
held, at which speakers from leading Russian
research and production enterprises present
the advanced results of their activities.

Keywords: microwave photonics, conference,
review, microwave photonics in Russia
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Congress of the Photonics Russian technological
platform, 13 scientific and practical conferences
were held on promising directions for the development
of photonics in the Russian Federation, one of which,
chaired by V.V.Valuev (STC Module CJSC), focused on

T his year, within the framework of the traditional

[IpuMedaHHe: MaTepuasn IOATOTOBJIEH Ha OCHOBe [IOKJI3/IOB
y4acTHHKOB XV exXerogHon MeskK[yHapoJHOH CIeLHalH3hpPo-
BaHHOM BBICTaBKU J1a3€PHOM, ONITHYECKOM U ONTO3/IeKTPOHHOM
TeXHUKH «POTOHHKA. MUP J1a3epOB U OIITUKH», CeKIHs «Pagu-
odoToHHUKaA», 30.03-02.04.2021, MockBa.
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Note: The material was prepared on the reports of the participants
of the XV annual international specialized exhibition of laser,
optical and optoelectronic technology «Photonics. World of Lasers
and Optics», Microwave photonics Section, 30.03-02.04.2021,

Moscow.
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3TOM Tofly B paMKax TpaAuLoHHoro Konrpecca

POCCHIICKOM TEeXHOJIOTHYecKOoW IIaTGOpPMEI

«POTOHMKA» COCTOSIOCE 13 HayYHO-TIPAaKTHUECKHX
KOHbepeHILIU, IIOCBSUIEHHBIX IEePCIeKTUBHBIM
HaIpaB/leHUSIM PasBUTUSL QOTOHHUKH B POCCHIICKOM
depfepaliyii, ofHA U3 KOTOPBIX IO, [IpefcefaTe/IbcCTBOM
B.B.BanyeBa (3AO «HTL] «Momynp») cpoKycHpoBaIach
Ha 06Cy>KIeHHH aKTyaIbHbIX IOCTHKeHU,, [IePCIIeKTUB
U mpobseM COBPeMEHHOro HaIlpaB/leHHUs PasnodoTo-
HUKH B Poccuu.

Hay4dHo-TexHHUecKoe HaIlpaB/leHHe PpafuodoTo-
HUKK (microwave photonics) 6asupyercs Ha IIpUH-
LMIIaX CBEPXBBICOKOUYACTOTHOHM MOIY/ISLIUH OITHYe-
CKOT'O H3JIy4eHHUs] 37IeKTPUYeCKUM CHUTHAJIOM B Cpeliax,
001aA0IUX 371eKTPOONTHYECKUM 3PdeKkToM. OgHOMU
13 Haubosee PaCIIPOCTPAHEHHBIX IIATPOPM IJI€MEHT-
HO¥ 6a3bI pag0OTOHKKH SIBJISIIOTCSI CTPYKTYphI LINDO;.
Ha ceromHsSIIHUN JeHb IIepeloBbIM OTeYeCTBEHHBIM
[IPOM3BOAMTeIeM CepPHULHOM IIPOAYKIIMH Ha OCHOBE TeX-
HOJIOTHH HUO0bATa JIUTHS SIB/IsieTcs «I[lepMcKasi HAyIHO-
ITPOU3BOZCTBEHHASI IIPHOOPOCTPOMTEIbHAS KOMITAHHSI»
(ITAO «ITHIIIIK»), KOTOPYIO C JOKIa[OM “DJIeKTPOOIITH-
YecKrue KOMIIOHEHTHI Ha OCHOBE TE€XHOJIOIHMM HHobaTa
JIATUA [J1S1 IPUMeHeHUs B CHUCTeMaxX PafuopOTOHUKU
Y H3MepeHUs EeKTPUYECKUX BeJIMYUH» IIPeCTaBIIsI
JKypaBneB AHTOH, Ha4aJbHHUK JIabOpAaTOpPUHU pasuo-
doToHHBIX KOMIIOHeHTOB IIAO «IIHIIIIK». B uyuciae
IIpOYero Ha CEerONHSIIHUM [eHb OCBOEHO CEepPUIHOe
IIPOM3BOACTBO AMIUIUTYAHBIX MOIY/ISITOPOB B IepMe-
TAYHOM MCIIOJIHeHHMH C IIMPHHOM IIOJIOCHI IIPOIIyCKa-
Hudg po 41T, BenyTca pa60TbI 110 CO30aHUI0 Pa30BOro
MopyssiTopa (puc. 1).

[TapasiensHO BemyTcs paboThl IO CO3MAHHIO AATUH-
KOB 37IeKTPHUYeCKHUX BeJIHUYUH Ha OCHOBE TeXHOJIOTUM
HMHTerpaIbHOM ONTHUKH, KOTOPbIe HMEIOT I POYAH K
CIIeKTP BO3MOSKHBIX IIPUMEHEHHUI: OT U3MePUTeIbHOIO
000pyZOBaHMS 0 UYBCTBUTETIBHBIX IEMEHTOB PaJHo-
$OTOHHBIX JIOKATOPOB (pI/IC. 2).
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Puc. 1. 3nekmpoonmudeckue modyASimopbl Ha 0CHO8e
LiNbO; npouzsodcmea MAO «[THIMK»: a) amnaumyoHsill;
b) ¢azosvili (MakemHwbili 06pazets)

Fig. 1. Electro-optical amplitude (a) and phase (b) (proto-
type) modulators based on LiNbO; produced by PNPPK PJSC.

discussing actual achievements, prospects and prob-
lems of the modern direction of microwave photonics
in Russia.

The scientific and technical direction of radio pho-
tonics (microwave photonics) is based on the principles
of microwave modulation of optical radiation by an
electric signal in media with an electro-optical effect.
LiNbO; structures are one of the most common plat-
forms for the elemental base of microwave photonics.
Today, the leading domestic manufacturer of serial
products based on lithium niobate technologies is the
Perm Scientific and Production Instrument Making
Company (PNPPK PJSC), which with its report “Electro-
optical components based on lithium niobate technolo-
gies for use in radio photonics and measurement of elec-

B pamkax obcyxkneHHUs Ipen-
CTaBJIEHHOTO [OKJIaJa OCODOBII
HHTepeC BbI3BIBAIM I1€PCIIEKTUBEI
Pa3sBUTHS HHTerpajbHON GOTO-
HHUKU B aclleKTe CO3[aHHUs Ooiee

CJIOKHBIX ~YCTPOHCTB UM HHTe-
FPUIBHBIX  OITHUYECKHX CXeM
Ha opgHoM cybcTpate. OnHAKO

Helb3sl He OTMEeTHUTb M KOHCep-
BaTHBHOCTb M OLPaHHUYEHHOCTH
OTEeYeCTBeHHOIO0 PBIHKa OCHOB-
HBIX KOMIIOHEHTOB paauodoTo-
HUkU. K cokajmeHUI0, HOBasg
BBICOKOTEXHOJIOTUYHASI CepHUIMHas
IIPOAYKLUMS IIOKa 4YTO He IIoAJep-

Puc. 2. YyecmaumenbHbili 3neMeHm damuyuka 31eKmpu4eckozo HanpsikeHus (a)
U HanpsxxeHHocmu CBY noas (b)

Fig. 2. Sensitive element of the sensor of electric voltage (a) and the intensity of
the microwave field (b)
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SKHMBaeTCsd BBICOKUM CIIpocoM. Tem He MeHee, eCTb
OCHOBaHUS [10J1aTaTh, YTO 3TO IIePCIIeKTHBHOe HaIlpaB-
JeHMe B OsKalIIre rofbl IIOTy4YUT Pa3BUTHe B obia-
CTH MHTErpaJibHON QOTOHUKH, a Takke bymeT moamep-
SKaHO IOBBIIIAOMIUMCS PPIHOYHBIM CIIPOCOM.

B moxsazme BuxrTopa IletpoBa (YHHBepcuTeT UTMO)
«TeXHOJIOTUH PaJfHUOPOTOHHMKU B KBAHTOBBIX HHOOpMa-
LIMOHHBIX CHCTeMax» OBUIM IIpe[CTaB/eHbl IIPOMEXKY-
TOYHBIE Pe3y/IbTaThl COBMECTHOK PaboThl YHUBepCcHTETA
HNTMO u ®TH uMm. A.®. Hopde. B moxmame peus Luia
0 HEKOTOPBIX BO3MOXKHBIX ITPHMEHEHHSIX 3J1eMEeHTOB
PanrobOTOHUKU U 0 pa3paboTKe 3/IeKTPOOIITHIECKOro
MOAYNIATOpa [jisl IPUMeHeHHs B 3aJayax KBaHTOBBIX
KOMMYHHKALIMH U KpUNTorpaduu. B yacTHOCTH, TakUe
MOZIYJISATOPEl HeOOXOAMMBI /IS PACCBUIKM KBAHTOBOIO
KII04Ya Ha OOKOBBIX YacTOTaX ITPH BBICOKOYACTOTHOK
MOZY/ISILIMK ONTHUYEeCKOH HecyIlel. Bpicokas 3oPeKTHB-
HOCTb Pa3paboTaHHOTO MOAY/IATOpa B IIepeHOoce SHep-
rur B 60KOBBIe YACTOTHI I103BOJISIET PeaIM30BaTh reHe-
PaTop BHICIIMX ONTHYECKHUX FAPMOHUK —~ TeHepaTop T. H.
OITHYeCKOM I'pebeHKHU U IIHMPOKOIIOIOCHBIH KBAHTOBBII
reHepaTop IIyma. i 3THUX ILened 6bUT paspaboTaH
6asIaHCHBIN doTomeTekTOp Ha OCHOBe InP c H_II/IpI/IHOI;I
osnock! o 4IT (puc. 3).

B KauecTBe IepCIIeKTHBHOIO HaIlpaB/IeHHS OTMe-
YeHa pa3paboTKa MOAYISTOPOB, OOPAIIAIONIUX IIONS-
pH3aliio, U MOAYIATOPOB, MMEIOIIMX CIIapeHHbIe
BBIXO/IbI C OPTOTOHAJILHOM IIO/ISIPU3alivell OIITHYEeCKOro
CHUTHAJIA.

Jloxan KO/IeKTHBa aBTOPOB M3 CII6IATY «JIITH»,
[IpelCTaBIeHHbIN AjlekceeM YCTHUHOBBIM, ObUI ITOCBS-
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Puc. 3. SnemeHmbl pazpabomaHHo20 6anaHcHo20 Gomode-
mexmopa Ha ocHose InP ¢omonpuemHUK08, NpUMeHsIemo20
8 CXeme K8aHMOo8020 2eHeparmopa wyma

Fig. 3. Elements of the developed balanced photodetector
based on InP photodetectors used in the quantum noise
generator circuit
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Puc. 4. MakemHbili 06pasel, 0nmo3AeKmpoHH020 2eHepa-
mopa paspabomku CI6r3TY «/15TW»

Fig. 4. Prototype of an optoelectronic generator developed by
ETU “LETI"
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trical quantities” represented by Anton Zhuravlev, head
of the laboratory of microwave photonic components of
PNPPK PJSC. Among other things, to date, mass produc-
tion of amplitude modulators in a sealed design with
a bandwidth of up to 41 GCHz has been mastered, work is
underway to create a phase modulator (Fig.1).

In parallel, work is underway to create sensors for
electrical quantities based on integrated optics technol-
ogies, which have the widest range of possible applica-
tions: from measuring equipment to sensitive elements
of microwave photon locators (Fig.2).

Within the framework of the discussion of the pre-
sented report, particular interest was aroused by the
prospects for the development of integrated photonics
in the aspect of creating more complex devices and inte-
grated optical circuits on a single substrate. However, it
should be noted that the domestic market for the main
components of microwave photonics is conservative and
limited. Unfortunately, new high-tech serial products
are not yet supported by high demand. Nevertheless,
there is reason to believe that this promising direction
will be developed in the field of integral photonics in
the coming years, and will also be supported by increas-
ing market demand.

In the report of Victor Petrov (ITMO University) “Tech-
nologies of Microwave photonics in Quantum Informa-
tion Systems” were presented the interim results of the
joint work of ITMO University and A.F.Ioffe PTI. The
report was about some possible applications of radio
photonics elements and about the development of an
electro-optical modulator for use in problems of quan-
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Puc. 5. Tpexouana3zoHHeil
memeoponozuHeckull
Komnaexc «/lupa»,

AO «/JlazepHble cucmembl»
Fig. 5. Tri-band meteo-
rological complex “Lira”,
Laser Systems JSC

IeH pa3paboTke IIepeCcTPAKBAEMOr0 MAJIOIIYMSIIEro
orToeKTpoHHOro CBY-reHepatopa (puc. 4) - erme
OJHOI'0 IIepPCIeKTHBHOIO HaIpaBIeHUS pPaguodpoTo-
HUKH. CBY-reHepaTophI ABISIOTCI OGHUM M3 KII0YEBbIX
3JIEMEHTOB CHCTeM CBS3K, HaBUTALMH, PaSHOIOKALIMH
¥ MHOTMX HM3MEPHUTEIbHBIX CHUCTeM, IIpUYeM OT CTa-
OMIBHOCTH HX XapaKTePUCTUK BO MHOTOM 3aBHCST
M CBOMCTBAa BCeX CHCTeM Ha MX OCHOBe. IIOBBHIIIeHMe
3KCIUIyaTallMOHHBIX XapaKTePHUCTUK CHUCTeM TpebyeT
CHIDKeHMSI $a30BBIX LIYMOB 3aJAIOIIUX IeHepPaTOpPOB
Y IIOBBIIIEHHUS KX YAaCTOTHOM CTabHUIBHOCTH. B 3TOM
acreKkTe OIITO3JIeKTPOHHBIE 33/a0Ilie TeHepaTopkl
IIOTEHI[HAJIBHO CIIOCOOHBI 00eCrieunTbh KaueCTBEHHO
bostee BBICOKHE ITOKA3aTe/H.

Ha ceromHAIIHUN OeHb pa3paboTaHHBIM KOJUIEKTH-
BOM ONTOYIeKTPOHHBIM CBY-TeHepaTop, cpeiu BceX
ONMCaHHBIX B MHPOBOM JIMTepartype, obiafaeT HaM-
MEHBIINM YypoBHEM (a30BBIX LIYMOB, IIPHOIMIKAIO-
IMMUMCS. K oTMeTKe -1601F/T11 Ha YaCTOTHOM OTCTPOLIKe
10KI'1, IIpM YacToTe reHepaliuy Bou3u 6IT11. eHepaTop
¢ yactoToi okoso 10,5IT1 oka3ascs TPeTBUM B CIIHICKe

i g

tum communications and cryptography. In particu-
lar, such modulators are necessary for the distribution
of a quantum key at side frequencies during high-
frequency modulation of an optical carrier. The high
efficiency of the developed modulator in transferring
energy to side frequencies makes it possible to imple-
ment a generator of higher optical harmonics - a gen-
erator of the so-called optical comb and broadband
quantum noise generator. For these purposes, a bal-
anced InP-based photodetector with a bandwidth of up
to 4GHz was developed (Fig.3).

The development of modulators that reverse polariza-
tion and modulators with paired outputs with orthog-
onal polarization of the optical signal are noted as
a promising direction.

The report of a team of authors from SPb ETU “LETI”,
presented by AlexeyUstinov, was devoted to the devel-
opment of a tunable low-noise optoelectronic micro-
wave generator - another promising direction of radio
photonics (Fig.4). Microwave generators are one of the
key elements of communication systems, navigation,
radar and many measuring systems, and the proper-
ties of all systems based on them largely depend on the
stability of their characteristics. Improving the perfor-
mance of systems requires reducing the phase noise of
the master oscillators and increasing their frequency
stability. In this aspect, optoelectronic master oscilla-
tors are potentially capable of providing qualitatively
higher performance.

To date, the optoelectronic microwave generator
developed by the collective, among all those described
in the world literature, has the lowest phase noise level
approaching -160dB/Hz at a frequency offset of 10 kHz at
a generation frequency near 6 GHz. The generator with
a frequency of about 10,5 CHz was the third in the list of
the lowest noise optoelectronic generators, second only
to the development of FEMTO-S from France.

In his report “Multi-band systems for remote sens-
ing of the atmosphere using radio photonics elements”,

OnTtuko-ronorpadcduyeckue npubopsl ;r

- NPOBEASHWE HAYUYHO-HMCCNEeA0BaTENbCKHUY, ONBITHO-KOHTPYKTOPCKHUY W
ONBITHO-TEXHONOrMYECKWX paboT B 0BnacTy ronorpaduuyeckux TEXHONOMMIA
= WErOTOBNEHWE MONOrPaMMHBIX W WP PaKUMOHHEIX ONTHYECKKMX INEMEHTOR
- pazpaboTKa W CO3AaHMe ONTHEO-TONOrPafHYecKHx YCTPOWCTE ACNONHEHHOR
peansHOCTH (AR-TEXHONOMMK), YCTPOWCTE KOHTPONA NOANMHHOCTH 33WKMTHEIX FONOrpaMmM
- OPradW3aura 1 NPoBeAeHWE TeEMaTHYECKKMY KOHDepeHUMA, WKON, CEMWHAPOE U BEICTABOK
B 0DnacTH ronorpadryeckmx TeXHONOrMA

roa-fo3

ONTHED-INEKTPOHHIA
CHAHED AOKYMEHTOR

000 «0rMx» P®, 107076, r. Mockea, yn. MaTpocckan TMwKHa, A. 23, cTp. 2, nog. 1a, a1. 5, n. XXV, k. 18,
Ten.: +7(499)263-63-44, e-mail: kus_a_s@mail.ru
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CaMbIX MAJIOLIYMSIIMX OIITO3/IEKTPOHHBIX TeHePaTOPOB,
YCTYIIUB JIUIIb pa3paboTke FEMTO-S 13 ®paHIUH.

B nmoxname Anexkces Kuma «MHoroguama3oHHBIe
CHCTeMBI JUCTAHIIMOHHOIO 30HIHUPOBAHUS aTMOCHepEI
C IIpUMeHeHHeM 3JIeMeHTOB PafuoPOTOHHKU», IIpen-
CTaBigolero KoMraHuio AO «Jla3epHble CHUCTEMBI?,
CankT-TleTepbypr, peus II/Ia O IIEPCIIEKTUBHOM HaIIpaB-
JIeHHH WHTerpallMi ONTHYeCKHMX W PaJHO4acTOTHBIX
30HIUPYIOIMIKUX IIOACHCTeM Ha GH3MYeCKOM YpOBHe
IIyTeM IIPHMeHeHHs 31eMeHTHOM 6a3bl U CXeMOTeXHH-
YeCKMX PpelleHHH PafuOoPOTOHHKH. [JUCTAHIMOHHOE
30HAMPOBaHMEe aTMOCOEepHI C LIe/IbI0 M3MepeHUsl OHUHA-
MHUYECKUX XapaKTepUCTHUK BO3OYLIHBIX MacCC H IIOCTPO-
eHUSl JUHaMHUYeCKUX Npodriiell M BeTPOBBIX IIOJIEH
TPaOgUIIMOHHO OCYIIECTBJISIeTCS B PaJHOYacTOTHBIX
M ONTHYeCKOM [HaIlla30HaX 4YacTOT MeTOZaMH Kore-
peHTHOIZ 3X0JIOKAIITUH (pI/IC. 5). KaKIOpIF M3 YaCTOTHBIX
JHUAMA30HOB 30HAMPOBAHHUSA KMMEET CBOM IIpeMMYyIe-
CTBAa U HENOCTATKH, OJHAKO KOMIIJIeKCHPOBaHHE KaK
MHHHMYM TpeX YaCTOTHBIX JHAIIa30HOB (X, Ka u HUK)
[I03BOJISIeT IIOJYYHTh CHCTEeMY, YHUKAJIBHYIO II0 COBO-
KYIIHOCTM CBOMX O3KCIUIyaTallHOHHBIX KayecTB KaK
B YaCTH BBICOKOM HHOOPMATHBHOCTH U 3QPeKTUBHOCTH,
TaK U B YacTU obecrievyeHUs: paboTocriocobHOCTH BO Bce-
IIOTOAHBIX YCIOBHAX. KOMIIIEKCHPOBaHHE HECKOIBKMX
He3aBHCHMBIX IIOACHCTEM Ha BepXHeM YypOBHE IIpO-
IPaMMHOM 06paboTKH CUTHAIOB COIIPSDKEHO C MHOXKe-
CTBOM TEXHHUYECKHX K TeXHOJIOTHYeCcKHX TPYAHOCTEH
Y B IIePCIIEKTUBE SIBJISIeTCS TYIIMKOBBIM HallpaBIeHHeM.
OnHako pamroPOTOHHKA I103BO/ISIeT KOMIUIEKCUPOBATh
IIOCHCTEMBI yKe Ha ypoBHE ¢r3uveckoM. Tak, HAIIpH-
Mep, BBICOKOKOT'epeHTHBIH J1a3ep, SIB/SIOMIMICSI OCHO-
BOM JIMAAPHOTO HM3MEPUTENbHOr0 KaHala, MOXKET CIIy-
SKHUTb UCTOYHHMKOM M3/TyYeHHUs OJIS1 [lepecTparuBaeMoro
CBY 0omTo3/1eKTPOHHOIO 33Jalolero reseparopa X, Ku
U Ka guamasoHoB, obecrieyumBasi IIPY 3TOM BBICOYAM-
Iyl $a30ByI0 CTAOMIBHOCTb M KOTE€PEHTHBIM PesKUM
JeTeKTUpoBaHHUs. C IPyroK CTOPOHBI, METOJAMH palu-
0OOTOHHURYU TaKKe MOKET OBITh PEIM30BaH U OIITHYe-
CKHM IIpHeM PafiioyacTOTHOIO CUTHA/IA, YTO II03BOIUT
CYLIeCTBeHHO OIITHMH3MPOBAaTh COCTAaB MHOIOAMAIIA-
30HHOM CHCTEeMBI, OCYIIEeCTB/ISII 00paboTKy CHUTHAJIOB,
IepeHeCeHHBIX Ha ONTHUYeCKyI HeCyIlyoo, eIHHBIM
IIPOrpaMMHO-aIIIIaPaTHEIM KOMILUIEKCOM.

Takum obpa3oM, MHOTOOHAIIA30HHBIE CHCTEMBI
OUCTAaHIIMOHHOIO 30HAMPOBAHUSA aTMOChephl SBJIS-
IOTCS [Ie€PCIIeKTUBHLIM HaIlpaBJIeHHeM M IIOTeHIIHaJIb-
HBIM IIOTpeOHTeNeM TeXHOTIOTHI U 37IeMeHTHON 6a3bl
PaZuOPOTOHUKHU.

Pa3paboTKe TEeXHOJIOTMH CO3NAHHUS MOZYISITOpa
X-muarasoHa Ha 6aze docduna MHIUS ObIT IIOCBALIEH
Ookian lBaHa BacHIBeBCKOTO, IIPeNCTaB/ISOLIero
KOJIJIEKTUB aBTOpoB u3 HUAY MHWOW u HHMU Ilomroc,
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representing the company Laser Systems, St.Peters-
burg, Alexey Kim spoke about a promising direction
of integration of optical and radio frequency sounding
subsystems at the physical level by using the element
base and circuitry solutions of radio photonics. Remote
sensing of the atmosphere for the purpose of measuring
the dynamic characteristics of air masses and construct-
ing dynamic profiles and wind fields is traditionally car-
ried out in radio frequency and optical frequency ranges
by coherent echolocation methods (Fig.5). Each of the
frequency ranges of sensing has its own advantages
and disadvantages, however, the integration of at least
three frequency ranges (X, Ka and IR) makes it possible
to obtain a system that is unique in its aggregate per-
formance both in terms of high information content
and efficiency, and in terms of ensuring operability
in all weather conditions. The integration of several
independent subsystems at the upper level of software
signal processing is fraught with many technical and
technological difficulties and in the future is a dead-
end direction. However, microwave photonics makes it
possible to integrate subsystems already at the physical
level. For example, a highly coherent laser, which is the
basis of a lidar measuring channel, can serve as a source
of radiation for a tunable microwave optoelectronic
master oscillator in the X, Ku, and Ka bands, while
providing the highest phase stability and coherent
detection mode. On the other hand, optical reception of
a radio frequency signal can also be realized using radio
photonics methods, which will significantly optimize
the composition of a multi-band system by processing
signals transferred to an optical carrier using a single
software and hardware complex.

Thus, multi-band systems for remote sensing of the
atmosphere are a promising area and a potential con-
sumer of technologies and elemental base of radio
photonics.

Ivan Vasilievsky, representing a team of authors from
NRNU MEPhI and SRI Polyus, Moscow, was devoted
to the development of the technology for creating an
X-band modulator based on indium phosphide. The
A3B5 platform, to which the InP material belongs, is
in the world practice one of the key platforms in the
production of integrated radio photonics components.
The team’s work is aimed at mastering a new promis-
ing platform. The development of a modulator on a new
platform turns out to be a complex task, the solution of
which begins with the modeling of a material - a multi-
layer heterostructure and modulator topology. The next
stages are development of growth technology, post-
growth processing, packaging and measurement of
output characteristics. At the moment, it is announced
that a scientific and technical groundwork has been
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Mocksa. Ilnatdopma A3BS5, K KOTOpPOK OTHOCHUTCS
MaTepHaa InP, B MHPOBOM IPAaKTHKe SBISETCS OLHOMU
M3 K/IIOYEeBbIX B IIPOM3BOJACTBE KOMIIOHEHTOB HHTe-
TPAIBHON PafiioQOTOHUKH. PaboTa KO/UIeKTHBA Halle-
JleHa Ha OCBOeHHe HOBOH IepCIIeKTHBHOM IIaTGOPMBIL.
Pa3paboTka MOAy/IATOPa HAa HOBOM IIIaTGOpMe OKa-
3bIBaeTCsl CTIOSKHOM KOMILUIEKCHOM 3aflauel, pellleHHe
KOTOpPOI HauMHaeTCs C MOAEIHPOBAHUS MaTepHala —
MHOTOC/IOMHOM TeTepOCTPYKTYpPBl U TOIIOJIOTHH MOLY-
nsropa. CIeAyoNMMHU 3TallaMK CTAaHOBSATCS OTPaboTKa
POCTOBOM TEXHOJIOTHHU, ITOCTPOCTOBast 06paboTka, Kop-
IIyCUPOBKAa KM H3MepeHHe BBbIXOLHBIX XapaKTepPHCTHK.
Ha TekyLui MOMEHT 3asIB/ISIeTCs, UTO CO3JaH Hay4dHO-
TeXHHUYECKHUH 33Jef 10 pa3paboTke KOMITIEKCHBIX IIOJ-
XOMIOB IO CO3JaHHIO HMHTErpaJbHON PagruoQOTOHHKHU
Ha 1atdopme InP, oTpaboTaHO MOAENTHPOBAHIE CTI0EB
reTepOCTPYKTYp, ONTH4ecKor H CBY-mopcucTem, pas-
paboTaHBl TEXHOJIOTUM IIPELIM3UOHHOM JIUTOrpaduu
coBMecTHO ¢ AO «HHUU «Ilomroc» um. M. @, CTeibMaxa»,
a TaKoKe Pa3sBUBAIOTCS ITOAXO/BI I10 YIy4ILIeHHUIO [1apaMe-
TPOB MOZYJISITOPOB: yBeJIMYeHHUIO I10JIOCBI MOIY/ISLIAH
10 25 IT1, CHU>KE@HHIO OIITHYECKHX II0TePh U T. [.
Hoxnaxm Axpapes Meanosa ot AO «HHHM «Ilomoc»
uM. M., @, CtennbMaxa» 6pu1 rocBsitneH OKP-paspabotke:
CepULIHOMY OCBOEHHIO MOIIHOIO JIa3epa C pacIpefe-
JIeHHOI OOpaTHOM CBSI3BIO C IJIMHOM BOJMHBI 1550 HM.
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Puc. 6. O0Ho4acmomHsil

DFB-na3ep & kopnyce Butterfly pazpabomku AO «HUW
«lontoc» um. M. @. Cmeabmaxa»

Fig. 6. Single-frequency DFB laser in the Butterfly case devel-
oped by M. F. Stelmakh SRI Polyus JSC

created for the development of integrated approaches
to the creation of integrated microwave photonics on
the InP platform, modeling of layers of heterostructures,
optical and microwave subsystems has been worked out,
technologies of precision lithography have been devel-
oped in cooperation with M. F. Stelmakh SRI Polyus JSC,
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B HacToslllee BpeMsl yKe OCBOEHO
CepHUIHOe IIPOM3BOJCTBO MOIIHBIX
YaCTOTHO-MHOICOMOJOBBIX  Jla3e-
poB Ha pe3oHartope dabpu-Tlepo
1 QOTOIPHEMHBIX MOAYIer, obe- g
CIIEUMBAIOUIUX IIHMPUHY I10JI0CHI
mnpomyckanusg o 10-12 ITm. Tem
He MeHee B [IOKIaJle OTMeYaercsd,
YTO COBpeMeHHasI eMeHTHas basa !
panroQOTOHUKKM M CXeMOTeXHH-
Yeckue pelleHUs] B GOIBLIIMHCTBE
C/ly4aeB PaCcCYMTAHbl Ha IIpHMeHe-
HHe OOHOYaCTOTHhIX DFB-masepos
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Puc. 7. MowHbil pomo-

npuemHbli ModyAb paspa-

6omku AO «HWW «[Tontoc»

um. M. ®. Cmenbmaxa» ¢ UUPUHoOL
noaocwl 00 12 U, u MowHOCMbO

00 HacbiweHus 6onee 50 mBm

Fig. 7. Powerful photodetector mod-
ule developed by M. F. Stelmakh SRI
Polyus JSC with a bandwidth of up
to 12 GHz and a saturation power of
more than 50 mW

Ha 1,55 MKM, IpH 3TOM BOIIPOC
[IOBBILIIEHUSI ONTHYEeCKOM MO~
HOCTH  ABJSETCI  JOCTaTOYHO
AKTYaJIbHBIM.

B pe3synbTaTe 6611 paspaboran POC-na3ep B CTaHAAPT-
HOM Kopriyce Butterfly 1 BoToKOHHBIM BBIBOZOM (CTaH-
JapTHOe BOJIOKHO, BOJIOKHO C COXpaHEHHEeM IIOJISpU-
3alKK), obaaloliuil ITOPOrOBBIM TOKOM IeHepalui
0K0710 100 MA M BBIXOJHOH OIITHYECKOM MOIIHOCTBIO
50 MBT mpu Toke Hakauku 500 mMA. IluMpHHa JTHHUHA
reHepanuu rpu 50 MBT coctaBuiia He 6omee 200-300KI 11,
a RIN=-150 gb/T11 (puc. 6). IlpomomkeHHEM AOKIAJA
CTajla IIpe3eHTallHs pa3paboTaHHOro (GOTOIIPHEMHOIO
MOJIYJISl C BXOJHOM MOIITHOCTBIO 6omee 50 MBT 1 AP~
HoHu mosocel oT 0,1 go 12 ITh. CroeKTpaibHas 4yB-
CTBHUTE/IBHOCTD B Ararna3oHe: 0,9-1,6 MKM BapbHpyeTcs
B mipefenax 0,75-1 A/Bt (puc. 7).

OTmeyaeTcsi, YTO IIPOM3BOACTBO MoIHoro POC-
nasepa Ha 1,55 MKM U GOTOIIPHEMHOI0 MOJYJISl OCBOEHO
CEepUIHO.

C moxkiazoM Ha TeMy «AHajoro-Liudposble GOTOH-
Hble YCTPOMCTBA [JISi PaJAUOTEeXHHUUYECKHX CHCTeM?»
BhICTYyIIM/I Iipodeccop HUAY MHOU Poctucnas Cra-
PHUKOB. B cBoeM HOK/IaJie OH OCBETHII Psifi 3apyOesKHBIX
M POCCHICKHUX HCCTIeJOBAaHUM B 0671aCTH MOCTPOEHUS
PamuoQOTOHHBIX TPAaKTOB Ilepefaud. BBUIKM IIpope-
MOHCTPHPOBaHbI XapaKTePUCTHKHU aHAIOTOBBIX TPaK-
TOB C LIUPPOBBIM BBIXOLOM M ITI0Ka3aHbI BO3SMOKHOCTH
COBpeMeHHBIX aHAJIOTO-I[MPOBHIX ITpeobpa3oBaTesier.
Ha ocHOBaHHU 3TOro 6pUIH CHOPMYIHPOBAHBI OCHOB-
Hbple (GaKTOphbl, OrpPaHHYHBAIOIIKME BO3MOXKHOCTH
aHAJI0ro-1IM$POBOro IpeodpasoBaHUS.

BakHeHIIHMM HallpaBleHHeM aHaJIoro-IudpoBoro
npeobpa3oBaHUsl CUMTaeTCsl pa3paboTKa M BHeJpe-
Hue ¢poTtoHHEIX ALIIl. B ONTHKe CyIIeCTByeT BO3MOXK-
HOCTb OLIM$POBATh CHUTHAI CO CKOpOCThIO 10 TBBIO/C
U TakKe IIOJYYHTh BBICOKYIO TOYHOCTb OLIMPPOBKU
3a CYeT TOrO, YTO ONTHYeCKHe MCTOYHHMKH HMMEIOT
HHU3KUK Qa30BBIM IIyM. B IoATBep>KOeHHe BbIIIecKa-
3aHHOro CTapHKOB IIOKa3al IIPMMEPhl HECKOJIbKHX
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and approaches are also being developed to improve the
parameters of modulators: to increase the modulation
bandwidth to 25 CHz, reduce optical losses, etc.

The report by Andreylvanov from M.F. Stelmakh SRI
Polyus JSC was devoted to R&D development: the serial
development of a powerful laser with distributed feed-
back with a wavelength of 1550 nm (Fig.6). At pres-
ent, the serial production of high-power frequency-
multimode lasers based on a Fabry-Perot resonator and
photodetector modules, providing a bandwidth of up
to 10-12 GHz, has already been mastered. Nevertheless,
the report notes that the modern element base of radio
photonics and circuitry solutions in most cases are
designed for the use of single-frequency DFB lasers at
1.55 pm, while the issue of increasing the optical power
is quite urgent.

As a result, a POC laser was developed in a standard
Butterfly package and fiber output (standard fiber,
fiber with polarization retention), which has a thresh-
old lasing current of about 100 mA and an optical
output power of 50 mW at a pumping current of 500
mA. The generation line width at 50 mW was no more
than 200-300 kHz, and RIN = -150 dB/Hz. The report
was continued by the presentation of the developed
photodetector module with an input power of more
than 50 mW and a bandwidth from 0.1 to 12 GHz. Spec-
tral sensitivity in the range: 0.9-1.6pm varies within
0.75-1A/W (Fig. 7).

It is noted that the production of a high-power DFB
laser at 1.55 pm and a photodetector module has been
mastered in series.

Professor R. S. Starikov of NRNU MEPhI made a report
on the topic “Analog-digital photonic devices for radio
engineering systems”. In his report, he highlighted
a number of foreign and Russian studies in the field
of constructing microwave photon transmission paths.
The characteristics of analog paths with a digital out-
put were demonstrated and the capabilities of modern
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HCCIIe[JOBATeIbCKUX PaboT 110 3Toi TeMe. Tak, B HACTO-
slllee BpeMsi HaMETHJICS Psifi IIepeflOBBIX HaIIpaBiie-
HUHM B IIOIBITKAX CO3[ATh IIOJHOCTBIO OIITHYECKOe
YCTPOMCTBO aAHAJIOrO-LIUPPOBOro IpeobpasoBaHHs
6e3 HCIOMB30BaHUS 3MEKTPOHHBIX ITPeobpa3oBaHUII.
Takke Ba>KHBIM HaIlpaBJIeHHeM HCCIIe0BaTeTbCKOM
IesTelbHOCTH CTAaHOBUTCS pa3paboTKa HHTe/UIEeKTY-
IBHBIX MeTOJOB I10 06paboTKe BBIXOLHBIX CUTHAJIOB
GOTOHHBIX AHAIOrO-UHU(POBBIX YCTPOMCTB, TAKHUX
KaK HelpoceTeBble MeTombl. Kak oTMeTun CTapHKOB,
Ja3epsl C CHHXPOHM3ALMeN MOJ — 3TO CepAle Trobon
OIITHYECKOM CHCTeMBl aHAJIOro-IUQpoBOro Impeobpa-
30BaHHS, II03TOMY HX COBEPLIEHCTBOBAHHUIO ClIE[yeT
yZAeNnsTh ocoboe BHIMaHUe.

B Poccuu paboTsl 110 CO3MAHHUIO aHATIOrO- L[ PPOBBIX
$OTOHHBIX YCTPOKCTB /ISl PAIHOTEXHUYECKUX CUCTEM
6pu1m mpoBeseHBl Ha 6ase HUSY MHOH u 3aKkoH-
YHJIMCh M3TOTOBJIEHHEM CHCTeMBI, KOTOpasi B CBOEM
COCTaBe KMeeT ABYXKAaHATBbHBIM QOTOHHBIM aHAJIOIO-
111 $POBOI ITpeobpa3oBaTeb.

3AK/MIOYEHUE

Hcxopst U3 JOK/IA[0B, MPeACTaBIeHHbIX Ha HAay4HO-
IpaKkTu4deckon KoHbepeHUUH «PagnodOoTOHHKAY,
npoxofjsileln B paMmkax KoHIpecca pOCCUMCKOM Tex-
HOJIOTUYeCKOM IIaTPopMbl «POTOHUKA?, CTIOXKHIIOCH
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analog-to-digital converters were shown. Based on this,
the main factors limiting the possibilities of analog-to-
digital conversion were formulated.

The most important area of analog-to-digital con-
version is considered to be the development and
implementation of photonic ADCs. In optics, it is
possible to digitize a signal at a speed of 10 Tb/s. and
also to obtain high digitization accuracy due to the
fact that optical sources have low phase noise. In
confirmation of the above, Starikov R.S. showed
examples of several research papers on this topic. So,
at present, a number of advanced directions have
been outlined in attempts to create an all-optical
device for analog-to-digital conversion without the
use of electronic conversions. Also an important area
of research activity is the development of intelligent
methods for processing the output signals of photonic
analog-digital devices, such as neural network meth-
ods. As R.S.Starikov noted, the mode-locked lasers
are the heart of any optical analog-to-digital conver-
sion system, so special attention should be paid to
their improvement.

In Russia, work on the creation of analog-to-digital
photonic devices for radio engineering systems was car-
ried out on the basis of the National Research Nuclear
University MEPhI and ended with the manufacture of

He mmieiino-onTHUIeckie aeMenTs 13 kpictartior LBO, BBO. KTP, AGS.
— AKTHBHBIE 3j1eMeHThl 13 Kpucrarion KGW, KYW, akrusuposaduasie Nd u Yh.,
- SIERTPO-0NTHYECKHE MOJIVIATOPB! Ha ocHoBe Kpucratios BBO, KTP, RTP, RKTT.
— PaboraeMm 1o MEAIVHAPO/HLIM CTalapTaM, ColVTACHO uepredkam
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BIIeYaT/JIeHHEe, YTO 3a IIOoC/IegHHEe HEeCKOJBbKO JIeT
HaIlpaB/ieHHe paguoPOTOHHUKU B PocCHMU He IpeTep-
I1e/I0 Cepbe3HBIX H3MEHEHHUH U NIPOPLIBHEIX CKAYKOB,
HO HHTepeC K HeMy IIJIAaHOMEPHO YBeIH4YMBaeTCs.
K cokaneHuIo, Ha KOHbepeHIIUU He ObL10 IpeacTaB-
JIEHO OOKJIaZioB KOJIIeKTUBOB U3 AO «OKbB-IlinaHera»,
TYCYPa, AO «HII® «Muxpan», UPII CO PAH u npy-
THX OpPTaHM3alluH, [I03TOMY CIOKHBIIASCS KapTHHA
OKa3aiach HEIlOJIHOM.

BeUIM IIpefnCcTaBIeHbl HOBBle pa3paboTKu, HOBBIE
KOMIIOHEHTHhI, TeXHOJIOTUYeCKhe U TexHUYeCcKue
pellleHus, OAHAKO IPUXOAUTCS IIPU3HATh, YTO MHO-
rHe U3 HUX COOTBETCTBYIOT YPOBHIO 3apYOESKHBIX Pas-
paborok 5-10 seTHel NAaBHOCTH. MeljleHHOe pa3BU-
THe OTPAaC/IM, KaK U COOTBETCTBYIOIE HU3KHUE TeMIIBI
POCTa PBIHKA BBICOKMX TEXHOJIOTHH B 00/1aCTH pagu-
O0POTOHHKH, - 3TO CJIOXKHAS KOMIUJIEKCHAs 3ajaya,
He HMelllasgd O4YeBHIHOIO0 M IIPOCTOrO pelleHHs.
Otyactu oHa 06yClIOBIE€HA TPALHULIMOHHOM KOHCep-
BaTHBHOCTBIO OTeYeCTBeHHOI'0 PIHKA, OTYACTH ~ CJI0-
SKUBILEHNCS IOJUTHKO-3KOHOMUYECKON CHUTyallheH.
B TakMX yCIOBHAX TeXHHYECKOe U TeXHOJIOTHYeCKoe
OTCTaBaHMe OT 3amaja B 3ToH chepe MOXKeT 0Ka3aThCsl
HeIIPeOoNOMMBIM B OIMsKakIIue mecaTuneTus. Odve-
BHUAHO, YTO TaKasi KOMIIJIEKCHAs 3aJava [O0JKHa
pellaTeCs He TOJIBKO Hay4YHO-IIPOM3BOACTBEHHEBIM
coobmecTBOM. be3 meHCTBEHHBIX aJMHHHUCTpA-
TUBHBIX Mep IIOAJep;KKH, HaIlpaBJIeHHBIX Ha pas-
BHUTHE PbIHKA, KPYIHBIX I'OCyJapCTBEHHBIX 3aKa30B
Ha CJIO’KHBIe HayKOeMKHEe BBICOKOTeXHOJIOTUYHBIE
IIPOEKTHl B 001acTH pasuoPOTOHUKHU, MOKHO OXKH-
JaThb YBeJIHM4YeHHs TeXHOJIOTUYeCKOro OTCTaBa-
HUsA. [IoMHMMO pa3sBUTHSI BHYTPeHHEI0 U BHEIIHEro
PBIHKA, Takke TpebyeTcs IOBBIIIEHHE YPOBHS KOM-
IeTeHLMH, yIiIybleHe U paclIMpeHe HHTeTpalky
B CaMOM Hay4YHO-IIPOM3BOJACTBEHHOM COObOILeCTBe.
B paMkax 3Toro acrekTa TpebyeTcs co3laHHe emu-
HBIX MHOIOIpPOQUIBHBIX AHU3aNH-1eHTPOB, OCHAa-
IIeHHBIX 10 II0CJIeHEeMY CJIOBY TeXHHUKU U obrazmato-
IMUX OOIIMPHBIM Ha60pOM KOMIIETEHLIMH B 06/1acTH
CBU-TeXHUKH, POCTOBBIX TEXHOJIOTHM, BOJIHOBOZA-
HOM ONTHKH, IOJYINPOBOLHUKOB U IOp. OTH U [Py~
rue KOMIIJIEKCHbIe MePhl JO/IKHBI 00eCIIeunTh yCTOM-
4YKMBOe pa3sBUTHe HaIlpaBlIeHHUSA PagUOPOTOHUKU
B Poccuu.
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a system that includes a two-channel photonic analog-
to-digital converter.

CONCLUSION

Based on the reports presented at the scientific-practical
conference “Microwave photonics”, held within the
framework of the Congress of the Russian technologi-
cal platform “Photonics”, the impression was formed
that over the past few years the direction of microwave
photonics in Russia has not undergone major changes
and breakthrough leaps, but interest in it is systematic
increases. Unfortunately, no reports were presented at
the conference by teams from OKB-Planeta JSC, TUSUR,
NPF Mikran JSC, IPP SB RAS and other organizations, so
the picture turned out to be incomplete.

New developments, new components, technological
and technical solutions were presented, but we have
to admit that many of them correspond to the level of
foreign developments 5-10 years ago. The slow develop-
ment of the industry, as well as the correspondingly
low growth rates of the high-tech market in the field of
microwave photonics, is a complex task that does not
have an obvious and simple solution. It is partly due to
the traditional conservatism of the domestic market,
partly due to the current political and economic situa-
tion. In such conditions, the technical and technologi-
cal lag behind the West in this area may turn out to be
insurmountable in the coming decades. It is obvious
that such a complex task should be solved not only by
the research and production community. Without effec-
tive administrative support measures aimed at develop-
ing the market, large government orders for complex
science-intensive high-tech projects in the field of radio
photonics, one can expect an increase in technological
lag. In addition to the development of the domestic and
foreign markets, it also requires an increase in the level
of competencies, deepening and expansion of integra-
tion in the research and production community itself.
As part of this aspect, it is required to create unified
multidisciplinary design centers equipped with the
latest technology and possessing a wide range of com-
petencies in the field of microwave technology, growth
technologies, waveguide optics, semiconductors, etc.
These and other comprehensive measures should ensure
the sustainable development of the direction of micro-
wave photonics in Russia.
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KoHgepeHyusa Ha memMmy:
«HOBEPHHE mexHosio2uu npu oﬁpaﬁomxe mumaHa
u cmasned ans OlNK»

Cocroutcsa 24 aerycra 2021r. ¢ 15:00 B 3ane C3

OCHOBAH B 1997 rogy

B paMkax HayuyHO-Ae/0B0W NporpamMMbi _
MexayHapogHoro BoeHHo-TexHuyeckoro popyma «APMUA-2021»
MecTo npoeefgexus: KBL, MATPUOT, naeunbou C, 3an C3

Haw CmeHd 3F3-10

3apezucmpupoBamsCcs U noAy4YUmes No8pobHyo uHgopMayuio no noyme: rekla nojfs

3A0 «PUNT» - NPEANPUATUE NOSTHOIO LUKNA.

MPeAOCTABNRET BECE KOMNAEKE YCAYT N0 M3rOTOBNEHWOD KPYNHOrS03pMTHEN SRICOKOTOHHLN KOS

NPMEMKOA 3aKazumnka,

« 30 - MopeEnMpOBaHWE;
pa3zpaboTka paboyeid KOHCTPYKTOPCKOR QOKYMEHTALUMM, COZASHWE W COrNacoBaHWe OrTu
TEXHOMAOTMHECKMY DELLEHMIA
W3roToEnNeHWe obpa3une aeTanel, chopok, nogcbopok Eyrnyuﬂrs y3na, KUH:Tmmum

*  DTEXHONOMMHWBEHWE KOHCTPYKTOPCKOM QOKYMEHTELUMM, NOA LWUVPOKWA CNexTp COBQRE MES
ofopyaoaaHHs; -

« 30 - nazepHar pE3IKA MEOMETPWYECKM CNOMHBLX NOBEOXHOCTER QETANEN,
20 - nasepHan CBAPKA OeTanei;

» 30 - nasepHan Hannaska oONoIHWTEABHER INSMEHTOR AeTane;

30 - nasepHoE TEPMOYNPOYHEHKE NOBERXHOCTY AETanel Noboi COXHOETA 1 KO -' FypaLmv;
pa3paboTka oCHACTKW W CTEHAOE Ans Hmum-laHHﬁ"mEEuBan UBPTEMER 38Ka 3 W CHAMEHWRA
TOYADEMKOCTHA M3OEMMiA

r

Al Iy

TumaHosas Ganka,

- -y .. e

. |

£
LH'.I'I‘I]HIJEEF! FII:IMEI F R

. @

KoMnnekcHbIW noaxogm naaépuble T{HDHDI'HH B ﬂSpEﬁD‘THE CMnaBoB M3 TUTaHa,

i -

&



