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NIEKTPOONTUYECKUE
LiNbO,-MOJYNISITOPBI
AN KOCMOCA

A.Ilopm3, @.JI¢ Py, www.photline.com, Photline

dnekTpoonTuyeckme MogynaTopbl (SOM) Ha ocHoBe
Huo6ara nnTus (LiNbO,) o6ecneynBaloT He TOJIbKO
YHUKasbHOe coveTaHne GYHKLUOHA/IbHbIX
XapaKTepUCTUK, HO U CTabUJibHYI0 paboTy B XXECTKUX
ycnoBusx. B ctaTbe NnpuBeaeHbl pesy/sibTaTbl TECTOBbIX
MCMNbITAHMM HA BO3MOXHOCTb 3KCMNlyaTaumm S0M

Ha ocHoBe LiNbO; B yc/10BUSIX KOCMUYECKOro
npocTpaHcTBa.

[ITO3/IeKTPOHHAsT TeXHHUKa, ee OQYHKIIHO-

HaJIbHble y3JIbl M KOMIIOHEHTBl BCE aKTHB-

Hee HCIIONB3YIOTCS B BBICOKOTEXHOJTOTMYHBIX
OTPac/sSX IPOMBIIIJIEHHOCTH. B 0COB@HHOCTH 3TO
OTHOCHUTCS K TexXHHKe, 3KCIUTYaTHPYIOLIEHCS B KOC-
Moce, KoTopasi TpebyeT yHUBepCaTbHOCTH U HaflesKHO-
CTH OIITO3/IEKTPOHHBIX CUCTEM /ISl pealHu3aliii MHO-
>KeCTBa BasKHEHMIIUX QYHKLMH, HeOOXOOUMBIX IS
6e30macHOro M IJIMTeIbHOr0 pyHKIIIOHHPOBAHHS.

Bo MHOTHX OIITOJIEKTPOHHBIX CHCTeMax, paborta-
IOIUX Ha 6OPTy KOCMHYECKHMX aIlllapaToB, HCIIONb
3YIOTCSI MOZY/ISITOPBL CBETA, SIB/ISIOIIHECS KIIOYeBbIM
KOMITOHEHTOM [JIS MOAY/ISILUK a3sl U MHTEHCHBHO-
CTH Pa3IHUYHBIX UCTOYHHKOB CBETA C PAa3HBIMU [JIH-
HaMH BOJIH. B YaCTHOCTH, 371eKTPOONITHYECKHE MOLY-
nsatopel (QOM) Ha ocHoBe Huobata nutus (LiINDO;)
obecrieuMBaAIOT He TONBKO YHHKAJIbHOE COYETAHHe
IIPOM3BOAUTENBHOCTH, HO M CTabUIbHYI0 paboTy
B SKECTKHX YCJIOBHSIX KOCMHYECKOr0 IIPOCTPAHCTBA.

LiNbO;- U APYTUE MOAY/IATOPDI

MopynsTopsl Ha OCHOBe HMobaTa JHTHUS - OJHHU
13 MHOTHX OIITOYIEKTPOHHBIX MOAY/ISTOPOB, pa3pabo-
TaHHBIX 34 ITOC/IeMHME Iofbl. MOAY/IATOPEl Ha OCHOBE
opyrux MatepuasnoB (InP, GaAs) Takxke HCIIONb30-
Ba/IMCh [JIsI HU3TCOTOBJIEHMS BHEIIHMX MOMYISITOPOB.
[lepBOHAYAJIBHO Pa3BUTHIO pa3paboTox B obmacTu
HX CO3[aHHS CIocobCTBOBana MOTPe6HOCTh B HUX
PHIHKA OIITOBOJIOKOHHBIX TEJI€KOMMYHHKALIMOHHBIX
cucreM, Korma TpeboBasach 6osee BbICOKast CKOPOCTh
Moyl UH. Ha cerogHSIIHUM eHb UCII0/b30BaHLe
3/IeKTPOOIITUYECKUX MOAYISATOpPoB (3OM) He orpa-
HUYMBAETCS TeJIeKOMMYHUKALIMOHHBIMU CHCTe-
MaMmu. IlpemmyInecTBa M HENOCTATKH OCHOBHBIX
CepHUIHO MPOM3BOAKMMBIX OINTHYECKHUX MOIYISITOPOB

90 ®POTOHUKA N21/49/2015

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m ONTO3/IEKTPOHHbIE MPUBOPDLI I—
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

LiNbO, MODULATORS
FOR SPACE ENVIRONMENT

Henri Porte (Photline CEO),
Philippe Le Roux (Photline Sales and Marketing Manager)

Photonics systems, sub-systems and components
are found in an increasing number of applications
of many high technology industry segments. This
remark applies particularly to space-embarked
systems, which rely on the versatility and reliability
of photonic systems to realize many of the critical
functions needed to insure their safe and durable
operation.

any embarked space photonic systems

use light modulators as a key component

to achieve intensity or phase modulation
of various light sources at different operating
wavelengths: In particular, the electro-optic
lithium niobate (LiNbO;) modulators offer a unique
combination of performance that makes them
prime candidates, not only to satisfy the optical
system specifications, but also to meet the tough
requirements of space operation.

LiNbO; MODULATORS

AND OTHER ELECTRO-OPTIC MODULATORS
The LiNbO; based modulator is one of the many optical
modulators that have been developed in recent years.
Other materials (e.g., InP, GaAs) based modulators
have been also used to make external light modulators.
Initially, the development of these modulators was
driven by the fiber optic telecommunication market,
that needed ever increasing modulation speeds. Today,
E-O modulators are used in a large number of both
telecom and non telecom applications. The benefits
and drawbacks of the main optical commercially
available modulators are contrasted in the table
below: It is clear that the LiNbO; E-O modulator offers
the most attractive combination of performance,
versatility and cost.

For space applications, the accumulated number
of hours of operation and the proven reliability of
LiNbO; modulators make them a very attractive choice
compared with products issued from competing
technologies.

In addition, the LiNbO; modulators, beside
their long standing proven record of use in many
applications, and their many comprehensive
successful qualifications (e.g., Telcordia) offer both
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IIpe/ICTaB/IeHbl B Tabi. 1. C lepBOro B3I/Isiia OUeBUIHO,
yTo SOM Ha 0CHOBe HHOOaTa IUTHUS — Haubosee onTH-
MaJjIbHble MOMY/ISATOPEl B OTHOINEHWH IIPOU3BOLM-
TeJIBHOCTH, PYHKIIMOHAJIBHOCTH ¥ CTOMMOCTH.

B cdepe KOCMHUYeCKOM TeXHHKH BBICOKASl HATeX-
HOCTb LiNDO;-Mozy/TOpOB, MOATBep>KIaeMast 6e30T-
Ka3HOM paboTol B TeueHHe MHOTHUX YaCoB, I103BOJISIET
yTBEPKIATh, YTO JaHHAs TeXHOJIOIUs SBISETCS Hau-
bonee mepefoBoii. Kpome TOro, JOMOTHUTEIbHBIMHU
npeuMymectBaMu LiNbO;-mMonmynsiTopoB, Hapsny
c GONBIIMM OIIBITOM KX HCIIOTB30BAHHS BO MHOIHX
[IPUJIOKEHHSAX M YCIEIIHBIMH CepTUPHUKALIMOH-
HBIMU HUCIBITAHUSMU (HanmpuMmep, B Telcordia), siBms-
I0TCSI IIMPOKasi IIPOIIYCKHAS CII0COOHOCTH (0T 780 HM
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a large optical bandwidth, ranging from 780 nm to
2500 nm, and a very broad electro-optic modulation
bandwidth (>40CHz).

Thanks to their unique combination of performance,
LiNbO; modulators are used in very diverse space
applications that include navigation, measure-
countermeasure, telecommunications, sensing, etc.

APPLICATIONS OF LiNbO; MODULATORS

IN SPACE

Fiber optic gyroscopes

Fiber optics gyroscopes (FOGs) are high performance
sensors (fig.1) used in demanding navigation
systems. It is now proven that they can overtake the

Ta6nuua 1. CpaBHUTENbHbIE XapaKTEPUCTUKM TEXHONOM M N3rOTOBAEHNS DOM

Table 1. Comparison of E-O light modulator technologies

Mpenmyuwiectsa / Benefits Hepoctatkum / Drawbacks

MonMMepHble MoAyNATOpbI (MoaMMep Ha kpeMHuK) / Polymer Modulators (polymer on silicon)

e HK3KasA CTOMMOCTb
e Potentially low cost

e B(Bf3M CO "cTapeHveM" nonMepa BO3HMKAeT NpobiemMa CHUKEeHNS
CpoKa Cyxbbl yCTPONCTBA

* B HaCTOAWMM MOMEHT JOCTYMNHA TONLKO OAHA AMHA BOHbI N3/1y4e-
HKs (1550 HM) Npy nepeade AaHHbIX

* TONbKO OAVNH KOMMEPYECKMN NOCTABLLMK

* HMWKaKMX CyLLLeCTBEHHbIX MPEMMYLLECTB B MPOM3BOANTENLHOCTU

* Aging of the polymeris a question mark as far the long term reliability
of the device is concerned

e Only telecomA (1550nm) as of today

e Only one commercial vendor

* Nosignificant performance benefits

Mo/ynpoBOAHNKOBbLIE MOAYAATOPbI (HA OCHOBE apceHnaa ranaunsa n docobumaa HanA)
Semiconductor modulators (GaAs & InP)

HeckonbKo HaAeXHbIX MOCTaBLMKOB

Marsble rabapuThbl (419 MOAYIATOPOB Ha OCHOBeE INP)
Xopolas HAAeXHOCTb

Several established vendors

Small footprints for InP

Expected good reliability

PaboTa ToNbKO Ha 04HOM ASIHE BOAHbI (1310 nam 1550 HM)
BbICOKMI ypOBEHb MOTEPb CMIHaNA

PAyKTYaUnmn A4INHbI BONHbI

OrpaHunyeHme NoaoCkl NponyckaHmsa y InP-moaynsaTopos
Restricted to 1310 nm /1550 nm

High insertion loss as standalone modulator

e Some chirpissues

e Limitations of bandwidth with InP

KpemHueBble Mmogynstopbl / Silicon Photonic modulators

e QuyeHb MaJible pa3mepbl
e Verysmall footprint

HepocTtaTto4Ho 0TpaboTaHHaa TeXHONAOMMA

TONbKO OAMH NOCTABLLMK

MNMpuUMeHeHVe OrpaHNYMBaeTCs TONbKO CMCTEMAMM NepeaaYm 4aHHbIX
OueHb BbICOKMI YPOBEHbL MOTEPU CUrHaNa

Not a mature technology

Only one vendor

Restricted to datacom

Very highinsertion losses

MoaynaTopbl Ha 0OCHOBe H1obata nnutus / LINbO, modulators

» OTpaboTaHHas TexHonorus (M3rotosneHo =100 ThiC.
YCTPOWCTB, BbINYCK HaflaXeH ¢ cepeanHbl 90-X)
BbicoKkast HAAeXHOCThb

MpUMeHSIOTCS B KOCMOCe

HecKoNbKOo HaeXHbIX MOCTaBLLMKOB
BO3MOXHOCTb paboTbl HA pa3NMYHbIX A/IMHAX BOJH
Mature technology (x100 thousands of operating
devices since the mid-90's)

e Proven reliability

e Already in space

* Several well established vendors

» Choice of commercially available wavelengths

» CpefHuerabapuTol
e Largerfootprint
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o 2500 um) u Hosnblias MK PHHA II0JIOCKL YaCTOT
MOIYISALNH (6osmee 40 I'T). Brnarogapsi MpeBOCXOIHOM
IIPOM3BOAUTENBHOCTH LiNDO;-MOAy/ISITOPBEI UCIIONB3Y-
IOTCSI B CAMBIX Pa3HOOOPa3HBIX KOCMHYECKUX TEXHO-
JIOTUSAX, BK/IIOYAas HAaBHUTIALIHIO, IIPOTHBOPALHOIOKA-
M0, TeIeKOMMYHHUKALIHIO, CUCTEMBI CUYHMTHIBAHHUSA

U Ip.

NMPUMEHEHUE LiNbO3-MOD,VJ'IF|TOPOB

B KOCMOCE

Bo/1OKOHHO-OMNTUYEecKue r’MpoOCKOMbl
BOJIOKOHHO-OIITHYeCKIe T POCKOIIbI (BOI) - 3TO BBICO-
KOIIPOM3BOJOUTE/NbHBIe NATUUKU (pHC.l), IIpHUMeHse-
Mble B CHMCTeMaX HaBHUTallMM. B HacTosllee Bpems
JOKa3aHO, YTO B OTHOIIEHMM MIPOH3BOAUTEIBFHOCTH
OHHM MOTyT OBOMTH KJIacCHYecKHe Ja3epHble THPO-
cKkombl. Ilomumo 3toro, BOI 6o/see KOMIIAKTHEI,
06/1a1a10T MEHBIIMMHM 3HAYEeHHUSIMHU Maccorabapur-
HBIX XapaKTepHUCTHK U bosee ImpremieMbl IO IeHe.
B HacTOAIIMMI MOMEHT CUCTEMBI C TOUHOCTBIO ITOPSAKa
0,001 °C/u 1 1y4LIe CTaIkd KOMMepPYeCKH JOCTYIIHbBIMH,
a HaBHTaLlMOHHBIe CHCTEeMBI Ha oCHoBe BOI HCIIONb-
3YIOTCSL B CIIyTHHKaX ¢ 2010 roma. B atu moxmynu BOT
WHTeIPUPOBAHEL pa3paboTaHHbIe IIOA 3aKa3 $a3oBble
LiNbO;-MoAy IS TOPEL.

Cucrembl Me)KCHVTHVIKOBOﬁ CBA3UN

BHenpeHHe CHCTeM MeXCIYTHHKOBOM CBS3M Hada-
710Ch B 90-e TOABI C MCIIONIb30BAHHEM JIa3€PHBIX KO-
IOB C IIPSIMOM MOIY/IsILIKeH, PaboTaromux Ha JIHHAX
BOo/IH mopsaka 820-850 um. C mosB/ieHHEeM BOJIOKOH-
HBIX Ja3epoB, paborarmux B OnwmskHer HMK-obnactu
CIIeKTpa, a Takxke b6maromapst mocTymHOCTH LiNbO;-
MOAYJISITOPOB B 3TOM II0JIOCE YAaCTOT, CTa0 BO3MOXK-
HBIM YCTaHaBJIMBAaTh CBA3b MEXJAY KOCMHUYECKUMH
alnmnaparaMu, HUCIonb3ys 6onee 3pdeKTHBHYIO MOMY-
nsanuio (puc.2). 3To MO3BONIHU/IO YBeIUYUTbh CKOPOCTb
nepegavyyd OAHHBIX M YMEHBIIHTH KOIPOUIIMEHT
6HTOBOI OIMIHOKH.

onTu4yeckme Npnbopbl AN HAYYHbIX 3a4a4

CBeT MoskeT OBITh MCIIONB30BAH MAJISI H3MepeHUs
60nbIIMHCTBA QH3UUECKHX BeJIMYHH, I109TOMY MHO-
rve Hay4Hble CIYTHHUKH OCHAIleHBl ONTHYECKHMH
npubopaMu. B KadecTBe IpHMepa MOKXHO Ha3BaTb
HECKOJIbKO OObeqUHEHHBIX BHEIIHHUX MOIY/ISTO-
poB, B YacTHOCTH, npoekT GRACE-FO (The Cravity
Recovery and Climate Experiment Follow-on). Ero
Le/b - KapTHUPOBaHHe CHJIBI 3€MHOIO TSATOTeHMS.
ITIpoekt GRACE-FO 1mo M3y4eHHIO KIHMMaTa U Ipa-
BUTALIMOHHEIX BO3MYILIEHHH — 3TO IIPOAYKT COTPYI-
HuyecTBa Mexay NASA u Teonoro-reopusryecKuM
Hay4YHO-MCCIeJ0BaTeIbCKUM LEHTpOM IlepMmaHuu.
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Puc.1. Tpexocesoli 80/0KOHHO-ONMUYeCKUl UHepUUabHbIl
usmepumenbHbil Modynb cepuu ASTRIX npouzsodcmea
¢upmbl AIRBUS DEFENCE & SPACE. Ycmpolicmgo npedHasHa-
YeHo 0451 dAumeAbHOU 3KcnAyamayuu; 8 damyuk no Kaxoomy
HanpaeneHuto scmpoeH LiNbO; modyasimop; 6ce onmo3nex-
MPOHHbIE U onmuYeckue KOMNOHeHMbl CO0maemcmaym
cmandapmy HiRel Telecom (SCC-B uau 3k8usaneHmHbiti)

Fig. 1. A three axis ASTRIX Fibre Optic Inertial Measurement
Unit from AIRBUS DEFENCE & SPACE (formerly ASTRIUM).
This unit is designed for long lifetime mission. Each axis uses a
LiNbO; modulator. All opto-electronics and opto components
are fully compliant to HiRel Telecom satellite standard (SCC-B
or equivalent)

performance of classical laser gyroscopes, with the
benefit of a smaller footprint, lower weight and lower
cost. Systems with accuracy better than 0.001 °C/hour
are commercially available, and FOCs based navigation
systems have been used in satellites since 2010. These
FOG modules integrate custom designed LiNbO, phase
modulators.

Inter-satellite communications

Free-space optical communication has been
implemented between satellites since the 90’s using
directly modulated high power laser diodes at 820-
850 nm. The emergence of fiber lasers in the near
infrared and the availability of LiNbO; modulators in
this band have made possible space optical links (fig. 2)
using more efficient modulation formats and offering
improved data rates and BER.

Optical instruments for scientific missions
Light can be used to measure many physical quantities,
therefore one can see many scientific satellites with
optical instruments on board. Some incorporate
external modulators; GRACE-FO mission whose task is
to map the Earth gravity is an example.
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GRACE-FO saBiseTcs IPOSO/KeHHEM IepBOHA4Ya/lb-
Hou Muccuu GRACEL. GRACE-FO co3pmaeTcs A1 yayd-
IIeHHUsI y>Ke JOBOJIBHO BBICOKOM TOYHOCTH H3MEpPH-
TelbHOM crcTeMbl GRACEL.

OcHoBHa# 3aja4a mpoekToB cepruu GRACE - usme-
peHHe QNyKTyallMHd CHJIBL TSATOTeHHS Hall 3eMHOH
[IOBEPXHOCTbI0. OLHUM U3 Pe3y/lbTaToB paboThl MPo-
eKTa CTaJla KapTa pacrpefeleHus IPaBUTALIOHHOIO
nonst, obHoBIsleMass Kaxkable 30 mHeHr. TakuM obpa-
30M, cuctemMa GRACEl moxkasekiBaeT BeTHYMHY Ipa-
BUTALMH HE TOJIbKO B 3aBHCHMMOCTH OT KOOPAMHATEHI,
HO 1 OT BpeMeHH.

B cucteme GRACEL g QopMHpOBaHHSA KapThl
IPaBUTALlUM HCIIONAB3yeTCSl MeTOof oObelHUHeHHS
MHPOpMaLIMKM C [ABYX IIPAKTUYECKH OFMHAaKOBBIX
CIIYyTHUKOB. OOHH CIYTHHK CJIeOyeT 3a [OPYyruMm
II0 TOM ke OpbHTe, MPU 3TOM IIPOUCXOAUT IIOCTO-
SHHOe H3MepeHHe PACCTOSHUS MeXKAY CIyTHHUKAMH
C UCIIONIB30BAHKEM YCTPOHCTB, paborarommux B CBY-
nuamnasoHe. JIBa cnyTHHKa GRACE-FO 6ynyT paboTath
IIPUHLMIIMAIBHO I10 TOH JKe CXeMe C MCII0/Ib30BaHHeM
H3jIy4yaTesled B TOM >Ke MHKPOBOJIHOBOM JHaIla3oHe,
uyTo ¥ B GRACEIL, ogHaKo IUIAaHUPYeTCs 3alyCK OO~
HUTe/IbHOM 3KCIIepUMEeHTA/IbHOM CHCTEMBI C HCIIONb-
30BaHMEM JIa3epoB, YTO THUIIOTeTHYECKH II03BOJIKUT
YAYYLUIUTh TOUYHOCTh U3MEPEeHUS PACCTOSAHUS MeXIY

i

Puc.2. Makem onmuyeckol AUHUU CNymMHUKOo80U c8s3u
Fig. 2. Artist’s view of FSO (Free Space Optics) communication
demonstrations

The Cravity Recovery and Climate Experiment
Follow-on (CRACE-FO) mission is a partnership between
NASA and the German Research Centre for Geosciences
(GFZ). GRACE-FO is a successor to the original GRACE1
mission and is designed to dramatically improve the
already remarkable precision of its measurement
system.

The GRACE missions measure variations in gravity
over Earth’s surface, producing a new map of the
gravity field every 30 days. Thus, GRACEl shows
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COYTHUKaMH B 20 pa3. da3oBble MOIYIATOPHL 6yoyT
HCIIOJIB30BAThCSL ISl CTAbMIM3aLUU pPe30HATOPOB
B OIITUYECKOM CHCTeMe. 3aIlyCK CIIyTHHUKOB HaMe4eH
Ha 2017 rog.

MukpoBosHoBasi $OTOHMKA A1 60PTOBbIX
CNYTHUKOBBIX nogcuctem (NpoekT)
3a moc/lefHHe HECKOJBKO JIeT IIPOH3BOAUTENSIMH
CIYTHUKOBBIX CHCTeM CBSI3M OBIM IPOAHATH3UPO-
BaHbl MHHOBAallMOHHBIe KOHLEILHH TaK Ha3blBae-
MO I0jIe3HOM Harpy3KH (aIllapaTypbl KOCMHUYECKHX
almapaToB), OCHOBAaHHOM Ha TexXHOJOrusix ¢oTo-
37IeKTPOHUKH. 3a 3To BpeMsi 6bUIM paspaboTaHbI
HEeCKOJIBKO THIIOB apXUTeKTYPbl 60PTOBBIX CIIyTHHKO-
BBIX IIO[CHCTEM, OXBATBIBAIOIMe pa3TH4YHBIe 065a-
CTH INPUMEHeHHs, BK/II0Yas aHAJIOrOBble YCHUIHUTENIH
Ha 6a3e QOTOHHBIX YCTPOMCTB, a TAKKe TIOHEPHI [JIs
[POABHUHYTBIX AaHTEHHBIX YCTPOMCTB, B KOTOPBHIX pea-
TH30BaHbl LMOPOBble MeToApl GOPMHPOBAHUS AHa-
rPaMMBbl HaIlpaB/leHHOCTH. PaboTy momobHOM apxu-
TeKTypbl o0becreunBaiOT GOTOHHBIE IIOACHCTEMEL,
BBHIIIOJIHAIOIIHE BCIIOMOIaTe/IbHbIe OIIOIHSIOIIHE
GYHKIIUM, CIIOCOOHBIE 3aMEHHUTb M PACIIHPUTH BO3-
MOXKHOCTH PaJHOYacCTOTHBIX IIOACUCTEeM. B uwmcio
3TUX QYHKLHI BXOOST:
* omTHUYecKas reHepalus/paclpefeseHye H3lyde-
HM S OT FeTepOJHOB;
* 1npeobpasoBaHue (IOBbIIIEHHE WM IOHMKeHHe)
pazKoyvacToT;
* MAapUIpyTH3al{sl |-BOJTHOBBIX CUTHAJIOB B TPaHC-
nsTOpax;
* HHTerpaliugd QOTO3/IeKTPOHHBIX YCTPOMUCTB
B CHCTeMBbl GOPMHUPOBAHUS JHArPpaMMBbl HaIlpaB-
JIeHHOCTH J1y4a;
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Puc.4. nexmpoonmuueckuti modyasmop ¢ paboueli yacmo-
moti 20 'y 845 3kcnAayamauuu 8 Kocmoce (npou3eodcmao
KomnaHuu Photline)

Fig. 4. A space compatible 20 GHz Intensity Modulator

Jlazep C HenpepbiBHOM reHepaumen

CW Laser
OnopHbIN BONOKOHHO-
reHepaTop (Or) ONTUYECKNIA
CBY curHana ycunuTenb
Ha 4acToTe Weor/2 Optical fiber OonTuyeckuni
p-wave LO @ w /2 amplifier reHepaTop

\ curHana

[ \ Ha 4acToTe Wor
SneKkTpo- Photonic LO
OnNTHYeCKUi @w o
MoaynsTop
Electro-optical
modulator

Puc.3. Onmuueckuti CBY-zeHepamop cuzHand Ha ocHose
CxXeMbl onmuyeckol 08yXnoAoCcHOU ModyAsiuuL ¢ nodasaeHuem
Hecywel Yyacmomol

Fig. 3. Microwave photonic Local Oscillator (LO) based on
DSB-CS Schematic
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how the planet’s gravity differs not only from one
location to another, but also from one period of time
to another.

For GRACEL, the method to map gravitational fields
consists of two nearly identical satellites. One follows
the other along the same orbit as both continually
measure the distance between them by means of
microwave ranging instruments.

The two GRACE-FO satellites will use the same kind
of microwave ranging system as GRACEL, and so can
expect to achieve a similar level of precision. But they
will also test an experimental instrument using lasers
instead of microwaves, which promises to make the
measurement of their separation distance at least 20
times more accurate. Phase modulators are used to
stabilize the laser cavities of the optical range finding
system. The two satellites should to be launched in
2017.

Microwave photonic payload sub-systems

(project)

Over the past few years, innovative payload concepts

based on photonic technologies have been investigated

by the manufacturers of communications satellites.

Several architectures were elaborated covering

different application cases including flexible analogue

repeaters based on a photonic center section, and

photonic receiver front-ends for advanced antennas

allowing digital beam forming. Such architectures rely

on photonic subsystems able to assist, complement,

replace and/or extend the capabilities of conventional

RF subsystems including:

 Optical generation/distribution of microwave Local
Oscillators (LO).

 Photonic RF frequency up and down conversion.

+ Routing of p-wave signals in repeaters.

 Photonic assisted beam forming networks.

+ Optical sampling for analog to digital conversion.
Optical modulators play a key role in the

implementation of such functions.
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Wypy = Wrp~ W o1

PaguoyacToTa, w EOM
Wre

Wipp = Wrp~ W02

LNA Wip3 = WRp~ W03

HPOA

LNA: Ycunurtenb C HU3KNUM
YPOBHEM COBCTBEHHbIX LLIYMOB
Low-noise amlifier

EOM: SnekTpoonTmnyecknmn
CcMecuTenb/mMoaynaTop
Electro-optical mixer/modulator

ori1 orz2 ors
LO1 LO3
Wor1 Worz Wors

W1 Wor Wos WM:Myanmnnelfcop
Wavelength multiplexor

WDW: [leMynbTUMNIeKCcop C pasgeneHnem no aJnHe BOJIHbI

Wavelength demultiplexor Puc.6. ModepHu3uposaHHas cucmema GRACE-FO 6ydem
HPOA: BbICOKOMOLLHbIF ONTUYECKMI YCUANTEND €oCmosimp u3 08yX 0pbUMAnbHbIX CNYMHUKO8, pabomaroL,ux
High-power optical amplifier Kak 0dHa cucmema (kak u cucmema GRACET)

Fig. 6. Like GRACE], the follow-on mission will consist of two

O/E: ONTO3NeKTPOHHbLIN AeTekTop / Opto-electronic detector - i
spacecrafts orbiting Earth in tandem

Of/LO: OnopHbIv reHepaTop / Local oscillator

For instance, the optical distribution of LO’s
requires production of a microwave LO signal to be
Puc.5. KoHuenuus npeobpasogaHus yacmomel cuzHana . . .
3eKMPOONMUYECKUM Memodom produced under optical form, with low phase noise
Fig. 5. Optical Multi-Frequency Conversion concept and optical power high enough to be delivered to
a large number of receivers while meeting system
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Tabnunua 2. Pe3y/ibTaTbl TECTOBbIX UCMbITAHWA HA BO3MOXHOCTb 3KCMayaTaumm 30M Ha ocHoBse LINDO; B ycioBumax Koc-

MMNYEeCKOro npoCcTpaHCTBa

Table 2. Environmental tests to obtain the space qualification results

McnbiTaHne Homep ncnbiTaHna =~ YCNoBUA TeCTUPOBAHUA

Tests Reference Conditions

MpoTOHHOE 061yYeHMe MIL-STD-883H JHeprus kBaHTa 60 M3B

Protons radiation Method 1019.8 Energy=60 MeV

famma-obayyeHune MIL-STD-883H lMonHas nornoweHHas go3a usnyvyeHus 100 kPag

Gamma radiation

Method 1019.8

TID (Total ionizing Dose) 100 Krad

Henepuogunyeckue konebaHums
Random vibration

MIL-STD-883
Method 2026
Condition F

20-60 Ty +6 ab/okTasa

60-500 Ny CnekTpanbHas NA0THOCTbL yckopeHus 35 g/,
500-2000 'y —6 ab/okTasa

20-60 Hz +6dB/octave

60-500 Hz PSD=1.35¢g’/Hz

500-2000 Hz —6 dB/octave

FapMoHuMyeckme KonebaHusa
Sine vibration

ECSS-E-10-03A
Subclause 5.1.10

Aunana3oH yactoT oT 5 go 100 Iy,
Frequency Range 5-100 Hz

Constant acceleration

METHOD 2001.2

MexaHun4yeckue yaapbl mlel_tﬁ-cl;(?-zé)%gz 5 pas/ocb, MakcumanbHoe yckopeHume 500 g
Mechanical shocks Condition A 5 times/axis, Acceleration,,,=500g

Mo 6 ocsam (3 IMHeNHbIE U 3 YI/I0BbIe), BpEMS KaXkA0r0 UCMbITaHMS
lMocTositHHOE yCcKopeHue MIL-STD-883F 1 MWH BAOL/BOKPYT KaXKA0M OCK, YCKOPEHWe BapbnpyeTcs oT 540125

g (B pamMKax 04HOro 3KCNepyYMEeHTa Be/IMYMHA YCKOPEHWS MOCTOSIHHAS)
6 axis, Imin/axis, Test condition & stress level from 5to 125g

Hanyck BnaXkHoro ropsyero Bo3ayxa
Damp Heat

MIL-STD-202
Method 103 or
IEC 68—-2-3

Temnepatypa 85 °C, oTHOCUTEbHASA BNAXHOCTb=85%
Temperature=85°C Relative Humidity=85%

TepMOLMKANPOBaHWNE B BaKyyme
Vacuum thermal cycling

MuHunmanbHas Temnepatypa —20 °C, MakcumManbHas Temnepa-
Typa70°C, nasneHune 0,1 mbap, 50 uMKnoB
Tmin="20°C, T,.,=*70°C, 0.1 mbar, 50 cycles

TepmoumKAnpoBaHue npu atmocdep-
HbIX YC10BUAX
Air thermal cycling

MuHnmanoHas Temnepatypa—40°C, MakCMmanbHas Temnepa-
Typa85°C, 500 umkios
Tpin=—40°C, T,.,=+85°C, 500 cycles

PecypCHble UCMNblTaHUS B BAKyyMe
Vacuum life test

Temnepatypa 60°C, aaBneHune 10~/ M6ap, NpoA0/IKUTENIbHOCTL 720 4
Temperature=60°C, 10-7 mbar, Duration=720h

PecypcCHble MCNbITaHUS NPY aTMOC-
depHbIX yCN0BUAX
Air life test

ESCC Basic Spec.
9000
MIL-STD-883,
Test Method 1005

TemnepaTtypa 85 °C, npofokKmMTenbLHoCcTb 2000 4
Temperature = 85°C, duration=2000 h

XpaHeHwue Npu NoBbILEHHbIX TeMe-

paTypax
High temperature storage

MakcrmasnbHas temnepartypa 85 °C, npoAo/IKNTEIbHOCTb 2000 4
Max. storage T= 85°C, 2,000 hrs.

XpaHeHue Npu NOHMKEHHbIX TeMMe-

paTypax
Low temperature storage

MuHnmanoHas Temnepatypa —40°C, npogo/KNUTENbHOCTL 2000 4
Min. storage T =-40°C, 2,000 hrs.

Bun3yanbHbI OCMOTP
External Visual Inspection

MILSTD 883H,
method 2009.10

OLeHKa BHeLHero BUaa v Ka4yecTsa U3rotosneHms (rmbkume
Kabenu, onTUYeCKME U INEKTPUYECKUE PA3HEMDI)

To assess overall exterior quality and workmanship (pigtails, optical
& electrical connectors, etc.).

KoHTponbL obpasua peHTreHonpocse-
YnBaHmemM Ha npeameTt gedekToB
X-Ray Inspection

MILSTD 883H,
method 2012.8

MeToz HepaspyLualoLLero KOHTPOAs 415 onpefeneHuns BHyTpeH-
HUX fedexkToB
To non-destructively detect internal defects

MpoBepka repMeTMYHOCTM M aHanm3

Cnaboe HaTekaHwe, CUIbHOE HaTeKaHMe, OLeHKa LLeIOCTHOCTU

Bond Strength

method 2011.8

rasoB, BblAENS0WMXCA MaTepranamu, MIL-STD-883H
onu,gu_mﬂm BCOLélTaB KOHCTppyKLI,VII/I S0M Method 1014.13 o] PUNASE ETREUNE TEEILE, (IS MRS UL o6pa3u,a
Hermeticity and Internal Vapor conditionsC1 and AL Fine leak, gross leak, to quantify package integrity and internal
Analysis atmosphere
IlzlgﬂQg;;?ggm%yﬁ?{;{ﬁy;ﬂmgVISI Telcordia MpoBepKa HaAeXXHOCTWN KpenneHnsa kabens
Pigtails side pull Y GR-1209-CORE To ensure the attachment of the fiber pigtail to the package.

. = MILSTD 883H,
Eg'gﬁﬂ';wz':' Of(MaLpaBgKATPEHHeM method 2017 + OCMOTp COeAMHEHNN MUKPOCXeMa/ONTOBOIOKHO
InternaIVisug\I/Irl{Ls action MILSTD 883H, +inspection of connections chip/fiber

P method 2010.12

[MpoBepKa NpoYHOCTU BbIBOLOB MILSTD 883H, McnbiTaHVe NpOBOJIOYHbIX BbIBOLOB HAa OTPbIB

Destructive bond pull test
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MNcnbiTaHne Homep ncnbiTaHma | YCI0BWS TEeCTUPOBaHUS
Tests Reference Conditions

OnpepeneHve LLeNoCTHOCTU KPernJieHUs Y1MMoB, MUKPOCXeM 1 nac-

lMpoBepKa MPOYHOCTN NOCAAKM mleljcﬁzg ggfyls CUBHbIX 3/1EMEHTOB K M/1aTe ;

MUWKPOCXeM 1 ApYriX 3/IeMEeHTOB MILSTD 883|—i To determine the integrity of materials and procedures used to

Die shear strength (chip,alumina, etc) method 2027'2 attach die or surface mounted passive elements to package headers
: or other substrates.

MpoAoNbHbIV Cpe3, BHYTPEHHUI BU3Y-
ANbHbLIM OCMOTP C MOMOLLbIO ONTUYe-
CKOW MUKPOCKOMUU U CKaHWUPpYOLLLen
31eKTPOHHOM MUKPOCKOMUN -
Longitudinal cut, Internal Visual
Inspection via Optical Microscopy and
Scanning Electron Microscopy (SEM)

TecT Ha HaKonaeHWe CTaTUYeCKoro
3/1eKTpmnYyecTBa TR-870Sec. 4.2.3 =
ESD

TeCcTMpOBaHMe B pexxrmMe ycuaeHus
ONTUYECKOM MOLHOCTU MoBbIWeHMe ONTUYECKOM MOLLHOCTM [0 0TKas3a yCTPOMCTBa
Failure mode optical power Ramp of optical power until failure

(destructive)

TecTUpOBaHue B pexxmMe ycuaeHus
MOLLHOCTW ONOPHOr0 CUrHana MoBbILEeHMEe MOLLHOCTM OMOPHOr0 CUrHaMa A0 0TKa3a yCTpPOMCTBaA
Failure mode microwave power Ramp of electrical power until failure

(destructive). RF electrodes

TecTUpOBaHMe B peXXnMe yCuaeHns
MOLLHOCTU NMUTAHNSA

Failure mode DC voltage DC
electrodes (destructive)

TeCTUpOBaHMe Ha ra3oBbligesieHmne
Outgassing tests

AHaNM3 0CTAaTOYHbIX Fa30B MIL-STD-883C
Residual gas analysis method 1014

OueHKa KayecTBa naccmBaLnm, MeTannm3aunm, KpenieHns
3/1eKTPOHHbLIX KOMMNOHEHTOB

To evaluate the quality of passivation, metallization and other die
related components

MoBbIWeHMEe MOLLHOCTM MUTAIOLLLEr0 HANPSXKeHUs A0 0TKasa
- yCTpouncTBa
Ramp of electrical DC voltage until failure

ECSS-Q-ST-70-02C -

& 1

OCHOBA BCero,
YTO Mbl CO34aeM

AKYCTOONTUKA | DNeKTPOONTUKA |
BonokoHHas ontuka | MNpeunsnoHHas onTuka |

Mepenoseie peweHna B obnact hoToHMKK Ana
0DOPOHHBIX U A3POKOCMUYECKUX NPUMEHEHWH,
NPOMBILLTEHHOCTH, BUoMEeaULIMHBI U HAYYHbIX

nccnenoBaHumn

cneuuanbHble
CUCTEMbI
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e omnThveckas BbOopka sl aHAIOrO-IUPPOBOro

npeobpa3oBaHHUS.

OnTuvecKkye MOAY/IATOPBI UTPAIOT K/IIOYEBYIO POJIb
B peajM3allH YKa3aHHBIX QyHKIUMU. K mpumepy,
3¢ PekTHBHOE ONTHYeCKOe paclipefie/ieHHe CHIHalIa
OT OIIOPHBIX TeHepaTOpoB TpebyeT HU3KOM GIYKTya-
uuMu daspl reHeparopa, a Takke JOCTATOYHOM MOII-
HOCTH MCTOYHHMKA OIITHYECKOro U3/Iy4eHU )i [epe-
Jayu CMTHaJIa HeCKOJIBKHUM IIpHeMHHKaM. Metof
repefavyy BEICOKOYACTOTHOro curHaia 1o BOJIC yepes
MOIY/ISALMI0O TOKA HaKauKH jasepa (IpsiIMOK MeTO)
He OCYIIeCTBHM Ha BBICOKMX YaCTOTaX. B TaKOM CHUTY-
anuu TpebyeTcss BHEIIHUM 3/1eKTPOOINTHYECKUI
MOIY/IATOp. B 4YacTHOCTH, Ha pHC.3 IIpeAcTaBjeHa
cxeMa MeToAa ONTHYeCKOHM JBYXIIOJIOCHOM MOAY-
JAALHH C MOJaBJIeHHWeM HecyIleM 4acToThl. B Hen
HUCIIO/Ib3YeTCs Jlasep C HeIpephiBHBIM H3JIyYeHHEeM
BBICOKOM MOIITHOCTH, a Takxke JOM, HaCTpPOeHHBIN
TaKUM 06pa3oM, YTO H3/Iy4deHHe Ha BBIXOJE HMeeT
HM3KYI0 MHTEHCUBHOCTb. [IpH yrpaBIeHUU MOLY/IS-
TOPOM C IIOMOIIbIO oTIlopHOro CBY-cUrHaa ¢ YaCTOTOH
Wor/2 ONTUYECKUI CUTHaJI Ha BBIXOZE COLEPXKHUT /Be
10JI0Chl OOKOBBIX 4YaCTOT. YacToTa CHUTHasa ¢ $oTo-
IIPUEeMHHUKA COOTBETCTBYET Wy

Tak>ke wucroap3doBaHue S0M (pHc.4) I1I03BOJIsIeT
[IOBBIIIATh MJ/IM I[IOHHKATh YaCTOTy paJHOCHUIHAala.
KpoMe IIMPOKOH I0/IOCH IIPOIYCKAHHUSA U BO3MOKHO-
CTH M30JISILIUM HEOIPAHHUYEHHOI'O KOJIHMYEeCTBa BXOJ-
HBIX IIOPTOB BaskKHOM 0cobeHHOCThIO JOM sBisieTCs
CII0COOHOCTD BBIIIOJIHSATH OSHOBPEMEHHO HECKOJIBKO
YaCTOTHBIX Ipeobpa3oBaHUM. [laHHAs KOHLEIILIHS
IIPOU/IIIOCTPUPOBAaHa Ha PUC.5, Ime CUTHAJI OT OITH-
YeCcKoro reHeparopa C pasHBIMHM 4YacTOTaMH Ioja-
eTCs Ha MYABTHUIIIeKCOp. B uTore, momaeas Ha JOM
CHUTHaJ OIIOPHOHM YacCTOTBl M YCHJIEHHBIHM CHUTHAJ
OT MYJIBTUII/IEKCOPA, Ha BBIXOJE IIOC/IE LeMY/IbTH-
IIJIEKCUPOBAHHUS I10/1y4aloT Habop CUTHAJIOB C 4acTo-
TaMH, BeJIMYHHBI KOTOPBIX COOTBETCTBYIOT pa3sHUILIe
YaCTOT OIIOPHOIO CHUTHAaja M CUTHaja OITHYeCKOro
reHeparopa.

TECTOBbDIE OKCINMEPUMEHTDbI 414
MONTYYEHUA PA3PELLUEHNSA NCNOJIb3OBATDb
MOLOYNATOPDLI B YCJTIOBUSAX
KOCMWUYECKOIO NMPOCTPAHCTBA

OIHaKO XOpolllle TeXHU4YeCKHe IIapaMeTphl He SBJIS-
IOTCS [OCTAaTOYHBIM YCJIOBHEM [/l HCIIOJb30BaHHUS
90M B KocMoce. HeobxXomHMMEBL ellle ¥ KOMIIJIEKCHBIE
ucnbsiTaHusg. OHU BKIOYAIOT B cebsg paguamyoH-
Hble KCIIBITAHWS, UCIBITAHUS HA yAAPOIIPOYHOCTH
1 BUOPOCTOMKOCTb, KAMMATHUYeCKHEe HCIBITAHUS,
MMUTHPYIOLIHEe S3KCIUIYaTallMI0 B YCJIOBUSX BaKy-
yMa, OUK/IHNYeCKHe UCIIBITAHUA B YCIOBHSIX BBICOKOH

98 ®OoTOHUKA N21/49/2015

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m ONTO3/IEKTPOHHbIE MPUBOPDLI I—
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

Puc.7. TepmuHan aazepHoli ces3su (T/1C) npoussodcmea
TESAT-SPACECOM (FepmaHus). Ycmpolicmao pa6omaem Kak
(azospaujamens, coemelyas ModyAsILUK 8Mecme ¢ KozepeHm-
HblM 06HApYXKeHUem

Fig. 7. A Laser Communication Terminal (LCT) from the
German space equipment supplier TESAT-SPACECOM.

This LCT implement external phase shift keying modulation
together with coherent detection

requirements. The transfer of a high-frequency signal
onto an optical carrier through direct modulation of
the laser current is not applicable at high frequencies,
and requires external electro-optic intensity
modulators. In particular, optical double sideband
modulation with carrier suppression (DSB-CS) is an
LO generation technique making use of a high-power
CW laser and a MZ electro-optic modulator (EOM)
biased at minimum optical transmission, as shown in
Figure 3. When the modulator is driven by a microwave
signal at o), frequency, the optical output signal
mainly contains the first two modulation side bands.
Optical heterodyning at the photo receiver generates a
microwave signal at the o, 4 frequency.

Photonic RF frequency mixing for both up and
down conversion of microwave signals can be achieved
optically by means of EOMs (fig.4). In addition to
a very wide bandwidth and an infinite LO to RF
input port isolation, a remarkable feature of electro-
optical mixing is its ability to perform simultaneously
multiple frequency conversions. In this concept, shown
in Figure 5, the optical mixer is fed by several optical
LO’s through wavelength-division-multiplexing
(WDM). In this way, the RF signal at the wg frequency
driving the modulator is mixed to the different LO’s
and frequency-converted to several signals at various
o frequencies.
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BIa’KHOCTH M M3MEHSIOIIUXCS TeMIlepaTyp, TecT
Ha HaKOIlJIeHHe CTaTHU4eCKOro 3JeKTPHuecTBa, Ipo-
BepKy repMeTHYHOCTH, KOJIHYeCTBEHHBIM aHaJIH3
BbIJe/ISIeMbIX BeIllleCTB M3 MaTepHasoB, BXOJSIIHX
B cocTaB JOM, paspylIalouu GU3HUYeCKHUH aHAIHU3.
Pe3y/bTaThl II0 BCeM IIPOBeJeHHBIM IKCIIepUMeHTaM
IIpUBefleHbI B TabI. 2.

LiNbO;-MOAYIATOPbI MPOU3BOACTBA
PHOTLINE A/11 KOCMOCA

3a nociemgHue rogel B Kommanuu Photline 6su1u mpo-
Be[leHbl HMHTEeHCHBHBbIE TECTOBbe 3KCIePUMEHTEI
1 pa3paboTaHbl MeTOABl yIy4IIeHHsS KOHCTPYKLIHH
O0M [is 3KCIUIyaTalliM B YCJIOBHSAX KOCMHYECKOIro
IIPOCTPaHCTBA.

B 2014 rony B Kopropanyio NASA KOMIIaHUS I10CTa-
BHJIa BOCEMb MOIYJISITOPOB, OBOE M3 KOTOPBIX HMHTe-
rpupoBaHbl B cucreMy GRACE-FO (HamloMHHM, ee
3aIlyCcK HaMmeueH Ha 2017 ron, puc.6). JaHHBIE MOAY-
JISATOPHI IIJIAHHUPYETCS BCTPOUTh B KOHCTPYKLHIO yKe
JeVCTBYIOIIHX OIITOBOJIOKOHHBIX THPOCKOIIOB.

Kpome Ttoro, B 2014 roxy Photline moxmucana kpym-
HBIM KOHTPaKT c KommaHuel TESAT-SPACECOM (puc.7)
10 pa3paboTke K MOCTaBKe MOAYISTOPOB IJIsI TEPMHU-
HaJIOB JIa3ePHOM CBSI3H, KOTOpPble JOJIKHBI HCII0/Ib30-

ENVIRONMENTAL TESTS TO OBTAIN
THE SPACE QUALIFICATION
To obtain their visa for space, beside the specific
performance required for each application, external
optical modulators have to pass a comprehensive
environmental test program which includes radiation
tests, vibrations and shocks, vacuum operation tests,
damp heat operation tests, temperature cycling, ESD
tests, hermeticity tests, outgassing analysis, and
destructive physical analysis (DPA).

This is summarized in the table 2.

MODULATORS FOR SPACE AT PHOTLINE

Over the past years, intensive design works and test
programs have been conducted at Photline to improve
the environmental performance of the modulators and
to make them compatible with space applications.

In 2014, eight modulators were delivered to NASA:
Two (2) of them are being integrated in the GRACE-FO
(fig.6) tandem satellites and will fly in 2017, where
they will join in space dozens of company modulators
already operating in fiber gyroscopes.

In 2014 as well, Photline received a significant
contract from TESAT-SPACECOM (fig.7) to design and
deliver modulators for Laser Communication Terminals

BaTbCS B CUCTeMaX MeKCIIyTHUKOBOM CBSI3H. u used for inter-satellite free-space communications. M
X X LlenTp MewayHapoaHoi Toproenu YenabuMHck
ol np. NNenuna, 35; +7 (351) 239 46 37
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