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Humezpanvnoie

anekmpo-onmuyeckue mooyaamopot Maxa-Ilanoepa

U Opy2asa nacCuéHas KOMnNOHeHmHuaa oasa
paougomonuxu

benoycoe A.A., Bonvxun FO.H., ' amunoeckasn A.B., /lyopoeckaa A.A.
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CtaHuMea npenynpexnaeHusa o pagnosokaumMoHHomMm oonyyeHun (J1-150)

Ocnoenwie uzoenus OAO «l[KbA»




AnnapaTtypa ynpaBneHuUda U ueneykasaHud

Ocnognwie uzoenus OAO «LIKbA»




Ocnognwie uzoenus OAO «LIKbA»




Hawiu uzoenust ymo
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CeéepxuiupoKkonoocHovle PUEéMHUKU
- 0euumMempoBo20
- CAHMUMEMPOBO20,
- MUTLTUMEMPOBO20

OUANA30HO0E OJIUH 60JIH




“Ilonem na ceeme”

PacnpepaeneHHble
npoLeccopHblie Moaynu

YnpasneHue =

ABUraTenaMmm

Femory

MOHMTOpr Ha wneme
MOHMTOpr Ha NnaHenu ynpasneHUA

“’Oq KommyTaTop 6opToBOM

D .
va cetuInfiniBand

« |
; Target e~ a | MIL-STD-1760
‘ ' Channel a intectace

Adapler — A

Jar4mkm - ’ )(paHMnMU.la AaHHbIX

B3auMoaencTBus YpoBHA «nogcucteMa-nogcucremMar

‘nonem Ha ceeme” - cnedyrowul aman nocse “‘nonema Ha nposooax”




Boaokonno-onmuueckue JUHUU CEA3U

- uughpoewie

- dHAJ10206bl€




Onpeoenenue mukpogonogou pomonuxu ( MWP )

ru.wikipedia.org/wiki

MukpoeosiHogasi pomoHuUKa uzyd4aem e3aumoodelicmaue
- MeXXdy onmu4ecKuM cU2HasiIoM
- U 8bICOKOYacmomHsbIM (6onbwe 1 I'Ty)
3/1IeKMpUYeCKUM CU2HaJIOM.

Ama obsiacmb 8Ksiro4aem
- OCHO8bI OIMMMUKO-MUKPOBOJIHOB8020 83aumModelicmaus,
- pabomy gpomoHHbIX ycmpolicme Ha CBY,
- omoHHbIU kKOHMposib CBY ycmpoucme u nuHuu
8bICOKOYacmomHou nepeoda4u,
- ucnoJsib3oeaHue homMOHUKU OJisi 8bINOJIHEHUS
pa3sludHbIX PYHKUUU 8 MUKPOBOJTHOBbLIX CXeMax
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2013 IEEE Inte ical Meeting on

Microwave Photonics (MWP)

Home | Participation General Information / Accommodations m
s —— ] W]

Microwave Photonics (MWP)




3eepee B.A. Paouoonmuka. IIpeoopaszosanue
cuznanoe 6 paouo u onmuke.- M.: Coe. Paouo,
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Kopnoaum C. CBY onmuka. Onmuueckue

npuHUuunosl 6 NPUIOHCECHUU K KOHCMPDYUDPDO6AHUIO

CBY anmenn: Ilep. c anan./Iloo. peo. O. IL.
@Dponosa.- M.: Ceazv, 1980.-360 c., un.

C.XOPHENAT

CBY OrTUKA
Onruyeckune
NPHHYHNE!

B NPUNMIOKEHUHA

xm%mooaamn
CBY anTenH




Cankr-lIlerepOyprckui HanuoHaabHbIA
UccaenoBarejibCKU YHUBEPCUTET

HH(POPMALIMOHHBIX TEXHOJOTUH, MEXAHUKH U
ONTUKH

Kadeapa onTtukn KBAHTOBOPA3MEPHbIX CUCTEM

JIABOPATOPUA PAONODPOTOHUKHU

www.faculty.ifmo.ru/oks/radiofotonika




MHUHHCTEPCTBO
MPOMBIIIJICHHOCTH U TOProBju PP

Konuenuusa

NPO2PAMMBL DA3BUMUA PAOUODOMOHUKU
nHa 2015 - 2020 200wt




CeéepxuiupoKkonoiocHas usmepumeibHas cucmema
( OKP “Pe3onanc”)
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Pa3meuienue 6bIHOCHBIX AHMEHHBbIX NOCMO06 Ha “Ooabuiom camonéme”
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Hanpae neHHbIA
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Cxema cmpykmypHasn

reHepPaToPa

¢ curHan CBY )

paouogpomonnozo aemozenepamopa ouanazona CB4




\ Korp.rnop

1.0

—
—
e
—

S

AFomp

0.5

3
f

o

==
Fy.orp = Fon
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Cxema MpOCTEHINEr0 OJHOKAHANIBHOro paguodoroHHoro MUY
(ALII - ananozoeo-yugpoeoii npeodbpazoeamens, BPE - eonokonHaa peurémxka bpeza,
HOC - ucmoynux onmuveckozo cuzriana, MMI] - mooyaramop Maxa - Ilanoepa,
11V - nopozoeoe ycmpoticmeo, VIIT - ycurumens noCmMoaHH 020 MoKa,
@] - pomooemexmop, L] - yupxyiamop)
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Fy.orp »

BPB-2
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Fy.orp 5

BPB-3

J-l-- xk ITY unu ALIIT

Puc.3. Cxema mHorokaHansHoro paguodoronHoro MUY
(AL - ananozoso-yugppoeoii npeobpazosamens, BPE-1 - BPB-N - gonoxonnwie pewémxu Bpeza,
HOC - ucmoyrnux onmusecxozo cuzHaaa, MMI] - modyazsmop Maxa - Llandepa,
O - onmuveckuil denumenv, ITV - nopozosoe yempoticmeo, VIIT - vcunrumens nocmosxHozo moxa,
®-1 - ®I-N - pomodemexmopuwi, I]-1- [J-N - yupxyramopuvi)
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Cxema cmpykmypHnas paouoghomonno2o
npeoopazoeamenn uacmomol ouanazona CBY



Analog RF Input m’] 1 l

Sampler /
E-O Modulator

Sam'aling Source and Clock /
ode-locked Laser
Pulse Train

Modulated Optical
Pulse Train
L

r——
Digital Output

Cxema cmpykmypuas paouogpomonnozo AL




Paouogpommunsviic mpaxm -
IMo

K104 e80U IJieMEeHm

gcex paouhomoHHbIX YCHMPOUC B




Ykpynuéunan cxema ananozoeozo POT CBY

Ucey.ex Ucey.ebix

MDIII - mo0yb IneKmpo-onmuueckoz2o npeodpa3oeanus
OBT - onmo6010KOHHbIU MPaKm

MOII - mo0y1b onmo-31eKmMpPoOHHO20 NPeodPa306aHuUA




Boipasticaem 61a200apnocms compyoHuKam

Qu3uko-mexnuuecko2o uncmumyma um. A.@. Hogpgpe PAH

www.ioffe.ru

Ilepmckou
Hayuno-Ilpouzeoocmeennou Ilpuoopocmpoumenvnoi
Komnanuu

www.ppk.perm.ru

Ilepmckozo zocyoapcmeennozo
HAUUOHATIBHO20 UCC/1e008AMe/IbCKO20 YHUBEpCcUumema

WWW.pSU.ru

Omckozo I'ocyoapcmeennozo Ynueepcumema
um. O.M. /locmoeeckozo

WWW.OmSsu.ru




Moovau rnekmpo-onmuueckKkozo npeoopazoeamus
C NPAMOU U BHEUIHEU MOOYAAUUCU

A - MpsMasa MOAYNAULMNA

Moa Ny TMPOBAQHHbIRA
N P——= onTuueckun
curHan Ad - nasepPHbA aMoga

JOM - anexkTP—oOnNTUUECKUA
MOANAATOR

Uceu.BX

B - BHeuwHAA MOAYNALMA

Mo 4y AMPOBAHHBLIM
N4 J30M ——= onTuueckm,
curHan

UcauprX




Tunovi IEKMPO-OonmuiueCKux MO@VJl}lmOQOB

Inekmpo-noziowiarouiue Mooyasamopul
_|_

Ippexm Kenovima-DPpanua

Humepgepomempor Maxa-Ilanoepa
_|_

Ippexm Ilokkenvca




Mooyaamop Maxa-Ilanoepa
( Mach Zehnder modulator - MZM )

6 NJIAHAPDHOM UCNOJ/IHEHUU

Bxoa-HenpepblsHOE Beixoa-MOAYNMPOE aHHOE
NAasepHOe M3NYYeHue - i WM3NYYEHWE
PM-80n0oKHO PM/SM-80N0KHO
7

LiNbO5

PY-cuman

i




Mooyaamop Maxa-Ilanoepa
( Mach Zehnder modulator - MZM )

8 gUOe 2epmMemu3upoOBaAHHOU CUOPUOHOU UHMEZPATIbHOU CXEeMbl
( mexnonozua system-on-package )




T uopuonvie unmezpaibHvle cxemol

NOJIYRPOBOOHUKOBBLX J1a3EP08
( mexnonozua system-on-package )




HY - homoouoowi

CeeTounany4eHue
KoHTakTHOe

P-cnoi ' » KonbLo
\ . (aHop)

3anupatoumi
cnon (P-N-
nepexop)

F
MeTtannuyeckas
noanoxXxka

(kaTon) 3OnNeKTpOoHb!




dDomooemekmop 8 uoe
CUODUOHOU UHMEZPASIbHOU CXEMDbIL C NOJIOCKOBbIM 8bIX000M

( mexnonozus system-on-package )

Coplanar access




Domoodemekmop 8 suoe
2UOPUOHOU UHMEZPATbHOU CXEMbL C KOAKCUAIbHBIM 8bIX000M
( mexnonozua system-on-package )




Onmo-60,10KOHHDBII KAOelb




Cxema ananozoeozo POT CBY

Kz.vmy, Un,
Kp.vmmy

MMII (Q0M)

A

JUI - nazepuwtiti 0uoo,
MMI] - mooyaamop Maxa-Ilanoepa,
OBT - onmoeonokounwlit mpakm,
D/[ - pomooemexmop,

IO0M - anekmpoonmuyeckuit MOOYaAmMop
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o
=

Ucey.ebix




(pOQMUQO&mHueC&WﬂO&Wﬁﬂ%XKaHaHOB

O
0. 920:9.9. 9
SR

Q) A0 BXUraHusA B) MoCcNe BXUraHUsA

1 - niacmuna u3z Huobama 1umus,
2 - HANBINEHHAA NOJIOCKA U3 MUMAHA,
3 - c6emoe6OOHDbLIL KAHA.




Cmpykmypa c6emogooHbIX KAHAI08
moovaamopa Maxa-Ilanoepa

*] - 6X00HOII C6EMOBOOHDLI KAHA

*2 - 6xo0nou Y - pazeemeumets

*3,%4 - nepevlii u 6mopoil napasiyieibHble C6en 0800HbIE KAHATbL
*5 - 6vIx00HOIL Y-céemeumern

*6 - 6BIXOOHOIL C6EMOB0OHDBLI KAHAT




3 ekm [lNokkenbca

6) n|,6 Vosl

1 - nnacmuHa u3 Huobama numus
2 - C8eMOBOOHbIU KaHas




Duzuueckasn peaiuzauus exma lloxkkenvca ¢ MM.

N\ X
\ Ul, ¢l \
Uonl

P.onl /é_' nl \\Vog, 1 —p

1 ,%“’/ | | ——4» K OBT

' v o2 ’ L~
\D fi’ Voe.2 ey . W._W
T
/7

VoY% Ve I gP (aVaVaVaY
g o 40 X KA XA
R RIRARSS

ST L

=g X (Usyn/Ur)

*1 - n1acmuna u3 cecHemoIleKmpuKka

*2 - 6X00HOUI C6eMOBOOHDBLIL KAHA

*3 - 6xo0nou Y-pazeemeumeiop

*4,%5 - nepevlit u emopoil napaeibHovle C6eM0B0OHbIE KAHATbL
*6 - ebix00HOU Y-ceemeumen

*7- 86bIXOOHOIUL C6€MO0BOOHBII KAHA

*8,%9 - nepeviit u emopoit 31ekmpoovt ynpasaarouwien aunuu CBY




Bexmopubvie ouazpammol HA 8b1X00€ MOOYIAAMOPA
npu Usyn = 0 u npu Usya £ 0

014 CAVYASA OMCYMCMEUs nomepsv 6 onmuueckux mpaxkmax MIM

AP = +£180°
Uon.2 =0

S
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Uon.2
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0<Uyn<Urn -Un<Upyn <0 Upyan=+Un
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Onpeoenenue 3asucumocmu Uon.2 om Usyn

OJ1A_CAYUAA_ OMCYMCMEUS NOMEPb 6 ONMUUECKUX MPAKMAX
MMII (Uon.2’)

Uon.2' = m
C = U4 xsin(Ag)
D = U3 + U4 X cos(Ap)
~Uon.1

7
Ap = 180° x (Usayn/Ur)

U3 =U4

2

B ‘/(Uon 192 1 + cos(180° x (Uayn/Um))




Onpeoenenue 3asucumocmu Ku.mmu u Kp.mumu om Usyn

OJ14_CAYUas Omcymcmeus NOmepb 6 ONMUUECKUX mpaKmax
MMII (Ku.mmu’ u Kp.umy’)

Uon.2' |1+ cos(180° x (Usyn/Un))

Ku. vmmir’ =

Uon.1 \ 2

1 4+ cos(180° x (Unyn/Ur))
2

Kp.vmi, = (Ku. v )? =




I pajpuueckan 3agucumocmov Kp.mmuy om Usyn
OJ151_CJIyUas OmcCcymcmeus nomepb 8 ONMUUecKux mpaKmax
MMII (Kp.mmuy’)




I pagpuueckan 3agucumocmov Pon.2 om Usyn
OJ151_CJIyUas OmcCcymcmeus nomepb 8 ONMUUecKux mpaKmax
MMII (Pon.2’)




Pazeépmka npomooyauposanno2o Onmuy4eckoz0 CUZHaAa
Ha ebixo0e “udeanvro20” MMI] npu nodaue na 3YJI 2apmonuueckozo

uooom ITmoo u amnaumyooiu Uceu.ex = U,

‘ Pon.2’

= Ponl =--
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Lo
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Un/2
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T1 r1
Ton=Tmoo /2 |
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Uceu.6x
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Cxemamuueckoe uzooparicenue MM,
HA NIIACMUHE U3 CE2HEMO0IJICKMPUKA
C GHCUIHEU UCNDBIO NOOAYUU HANRDAICCHUA CMEULCHUSA

&' 8 7
RN —\ [ —\

\ Ul, ol \ /U3 @3
Uonl Uon.2
n] Voe.l [~
P.onl // \ \\ Pon.2

Aqo\

RN
A \ \

Pl
Uy (( Ei 9 5 6
]

L2 Ucm

/'_V_\/_\__?

Ap = @3 - p4 = Ap.cm + Ap.ceu =

= X (Uem/Urn) + 7w X (Uceu.ex/ Ur )

Usyn = Uem + Ucsu.6x

*] - n1acmuna u3 cecHemoleKmpuKa, *2 - 6X00HOIl c6emoeoOHbLIL KaAHA, *3 - 6X00HOU Y-pazeemeumens,

*4,*5 - nepevtit u 6mopoil napaeibHvle C6emo00HbIe KAHAbL, *6 - 8b1X00H0UI Y-c6emeumeb, *7- 6bIX00HOU

Cc6emoBoOHbLIl Kanan, *8,*9 - nepewvtii u 6mopoii 31ekmpoowt ynpasaarouien aunuu CBY, *10 - enewnan [[THC




Cxemamuueckoe uzoopaxcenue MMI]

HA njidcCmuHne u3 cecHemoljiekmpuKka
C COOCMBEHHOU (BHYMPEHHEI) Uenbl0 NO0AYU HANPAICCHUA CMEULCHUS

8 *10 *q
S
U3

N\ N\ [
NI / /
U.onl Vi nl Voe.l1 | —¥ -
P.onl </ \\ //

. @3

L » - /% \\\ ) A ), 1 OBT
< “, (puc.l
\p/ n2 Voe.2 | —® 3 .

/ 7

/
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ST L

Ap = @3 - o4 = Ap.cm £ A@.ceu =

= X (Uem/Un.cm ) + & x (Usx(t)/ Ur.cey )

*1 - naacmuna u3z cezHemoINeKmpuKa, *2 - 6X00HOU c6emo800HBIIL KAHA,
*3 - 6x00HO0U Y-pazeemeumenn, *4,*5 - nepewtii u 6mopoil napanieyibHovle C6eMmMOB00HbIE KAHAIbL,

*6 -8b1X00HOIL Y-cé6emeumenn, *7- 6bIX00HOI C6eMOB0OHBLI KaHAN, *8,%9 - nepeuvlit u 6mopoii
371eKmpoowt ynpaeaatowiei aunuu, *10,*11 - nepewtii u 6mopoit 31eKmpoovl yenu nooavu
HANPANHCEHUS CMEULCHUA




Cxemamuueckoe uzooparicenue MMI] na 3nekmpoonmuyueckom nojiumepe
C MepMOoOnmuydecKou pe2yaupoeKkou Agpcm

—a Unazp o——

l\ i\ C_ Inazp <>

U.onl
P 1 Voe.1 | —
P.onl / \\’.2 — \

U2, @2 &
\P n2 Vos.2
/

ST

Ap = @3 - o4 = Ap.cm + AQ.ceu =

= f(Inaep) + « x (Usx(t)/ Ur )

*1 - 31ekmpoonmuueckan niaeéHKa, *2 - 6X00HOIl c6emoe0OHbLIL KaAHA,
*3 - 6x00HO0IU Y-pazeemeumenn, *4,*5 - nepewtii u 6mopoil napanieyibHovle C6emMoB00HbIE KAHAIbL,
*6 - 6b1X00HOIUL Y-céemeumenn, *7- 6bIX00HOI c6em0B800HbBLI KaHal, *8,*9 - nepeauvlit u émopoii
371eKmpoowl ynpasaaiouiei aunuu, *10 - mepmosiekmpuueckuii Hazpesameisb




Pa3zeépmka npomooyaupoeanno2o onmu4ecKko20 CuZHala
Ha ebixo0e “udeanvro20” MMI] npu nooaue na 3YJI zapmonuueckozo
MOOyupyrue20 cuznaia ¢ nepuodom ITmoo u annaumyoou Ucsu.ex << Un
u nanpaxcenua cmeuwienus Uem = Un/2

== Pon.2' maxkc=-

== Pon2' mun- =

Usya
- o

I2 I3 T4

Ton =Tmoo0

Uceu.6x




Cxema ananozoeozo POT CBY

Kz.vmy, Un,
Kp.vmmy

MMII (Q0M)

A

JUI - nazepuwtiti 0uoo,
MMI] - mooyaamop Maxa-Ilanoepa,
OBT - onmoeonokounwlit mpakm,
D/[ - pomooemexmop,

IO0M - anekmpoonmuyeckuit MOOYaAmMop

S

o
=

Ucey.ebix




Anzeopauueckue 8bipaNCceHU O MAKCUMATbHBIX U MUHUMAIbHBIX
3HAYCHUTL YDOBHA MOUWHOCHLU RPOMOOYIUPOBAHHO20 ONMUYUECKO20 CUZHAA
Ha evixo0e MMII npu nooaue na I3YJI capmonuueckozo mooyaupyrouiezo
cuznana ¢ nepuooom ITmoo u amnaumyoou Uceu.ex << Ur
u nanpadxycenuna cwewienus Uem = Un/2

Ans cnyyasa “udeanbHo20” K3.mmy = 0 0b

Pon.2 .mun = Pon.1 X 0,5 (1 + Cos G + %))

; T ntxXUcesu.6x
Pon.2 .maxkc = Pon.1 X 0,5 (1 + cos (5 ire— ))
7T

Ans cny4yas peanbHo2o MML ¢ K3.mmy > 0 0b
Pon.2 mun = Pon.2" . mun /| K3 .mmy

Pon.2 . maxc = Pon.2" . maxc | K3.mmy




Cxema ananozoeozo POT CBY

Kz.vmy, Un,
Kp.vmmy

MMII (Q0M)

A

JUI - nazepuwtiti 0uoo,
MMI] - mooyaamop Maxa-Ilanoepa,
OBT - onmoeonokounwlit mpakm,
D/[ - pomooemexmop,

IO0M - anekmpoonmuyeckuit MOOYaAmMop
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Ucey.ebix




Anzeopauueckue 8bipaNCceHU O MAKCUMATbHBIX U MUHUMAIbHBIX
3HAYCHUTL YDOBHA MOUWHOCHLU RPOMOOYIUPOBAHHO20 ONMUYUECKO20 CUZHAA
Ha éxooe D/l npu nooaue na IYJI capmonuueckozo mooyaupyrouiezo
cuznana ¢ nepuooom ITmoo u amnaumyoou Uceu.ex << Ur
u nanpadxycenuna cwewienus Uem = Un/2

Pon.3 . mun = Pon.2 . vun / Kz.06m

Pon.3 . maxec = Pon.2 maxce | K3.0em




Cxema ananozoeozo POT CBY

Kz.vmy, Un,
Kp.vmmy

MMII (Q0M)

A

JUI - nazepuwtiti 0uoo,
MMI] - mooyaamop Maxa-Ilanoepa,
OBT - onmoeonokounwlit mpakm,
D/[ - pomooemexmop,

IO0M - anekmpoonmuyeckuit MOOYaAmMop
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o
=

Ucey.ebix




Cxema ceepxumupoxKkonoaocHoz2o ghomooemexmopa ouanazona CB4

mooenv XPDV3I120R npouszeodcmea pupmut u’t Photonics

Pon.3 W\ \\ R2 =76 =500m
R (puc.1) \\\ :
2

7 }_O
Uceu.ebix

(puc.1)




Anzeopauueckue 8bipaNCceHU O MAKCUMATbHBIX U MUHUMAIbHBIX
3HAYCHUIL YPOBHA HABeOEHH020 moKa 8 D/ u 8b1X00H020 HANPAICCHUA
npu nooaue nHa Yl capmonuuecko20 mooyaupyrouLe2o CUHAIa ¢
nepuooom ITmoo u amnaumyoou Uceu.ex << Ur
u nanpadxycenuna cwewienus Uem = Un/2

[h.mun = Pon.3 mun x Igh

[h.maxe = Pon.3 maxc x Il

Ucho.mun = Ich.mun x 250m
Udho.maxc = Ih.maxc x 250m




Cxema ceepxumupoxKkonoaocHoz2o ghomooemexmopa ouanazona CB4

mooenv XPDV3I120R npouszeodcmea pupmut u’t Photonics

Pon.3 W\ \\ R2 =76 =500m
R (puc.1) \\\ :
2

7 }_O
Uceu.ebix

(puc.1)




Aneeopauueckue vipaxceHus 0,11 OnpeoeleHuUs AMnaumyonl 6bIX00H020
cucnana CBY u korgpipuuuenma nepeoauu POT

UcBd. BbIX = (Udpa. makc — Udpa. MUH) /2

Kp.ceu = 201g(Ucesu.evix | Ucsu .6x)
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Jasucumocmu Kp.ceu om Un npu pazruunvix Ilgh
K3.umu = 6 ob, Uceéu.ex =7 mB, Pon.l =20 mBm
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— Np=12 A/Br [

— Ip=1.0 A/Br |-
— II$p=08 A/Brt |-

— Mp=0.6 A/Br |-

— [Ip=04 A/BT |
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—— Porm.1 =200 MBT [

Pom.1 =100 MBT

Pomn.1 =50 MBT
Pon.1 =25 MBT

Kp.ceu =0 1b
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