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B ctaTtbe npepncTaBaeHbl pesyibTaTthbl
MccnenoBaHUS XapakTepUCTUK UHTErpasibHo-
onTUYECKUX MOAYIATOPOB 060UX TUNOB —
aMNAUTYAHbBIX U Ppa30BbiX, pa3spaboTaHHbIX

M co3paHHbIX B PTU nm. A. . Modppe coBmecTHO
c YHuBepcutetoMm UTMO ans cMcTeM KBAHTOBbBIX
KOMMYHUKaLUii. Bnepsble B 0OTe4eCTBEHHOM
npakTuKe Aas U3roToBJIEHUS OMbITHbIX
06pasuoB MOAYNATOPOB 6bI/IN UCMOIb30BaHbI
OpUrnHasbHble TexHonornm GopMmmpoBaHus
ONMTUYECKNX BOJIHOBOAOB METOAOM TepMUYECKOMN
AndPy3mm MOHOB TUTAHA HA KPUCTAIJIMYECKUX
nopanoxkax X- u Z-cpesoB Hno6ara nmMTus

u popmupoBaHus CBY anekTpopnoB 6eryuuen
BOJIHbl HA OCHOBE rajlbBaHM4eckoro cepeépa

c nocieayoWmmM 30104eHneM. NMpoeepeHa
OLLeHKA OCHOBHbIX 3KCMJIyaTaLMOHHbIX
XapaKTepuUCTUK MOAYNATOPOB. BbisiBneHo
BJINSIHUE KOHCTPYKLLUM KOpryca n KayecTea
c60pKM MOAYNATOPOB HA UX OCHOBHbIE
napameTpbl.

Kniouesble c/io0Ba: KBAHTOBbLIE KOMMYHMKALNWN,
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The results of studying the characteristics of
integrated optical modulators of both types,
amplitude and phase, developed and created at
the A.F.loffe PTI jointly with ITMO University for
quantum communication systems are presented
in the article. For the first time in national practice,
original technologies for the formation of optical
waveguides by the method of thermal diffusion
of titanium ions on crystalline substrates of X-
and Z-cuts of lithium niobate and the formation
of microwave traveling wave electrodes based
on galvanic silver with subsequent gilding were
used to manufacture prototypes of modulators.
The assessment of the main operational
characteristics of the modulators is carried out.
The influence of the housing design and the
quality of assembly of modulators on their main
parameters is revealed.
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INTRODUCTION

Microwave integrated optical modulators provide high-
speed information input into the optical communication
line. With amplitude or phase modulation in the spec-
trum of an optical carrier, so-called “side” frequencies.
The technology of quantum key distribution (QKD) using
side frequencies [1] is the base for the development and
creation of quantum communication lines, including
the first experimental quantum communication line
Moscow - St.Petersburg [2]. The active development of
national systems of quantum communication, including
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CBY HMHTerpajbHO-OIITHYECKHE MOIYJISITOpPHl o0be-
CIIeYHMBAIOT BBICOKOCKOPOCTHOM BBOJ, MHPOPMALUHU
B JIMHUIO ONITHYECKOU CBS3U. [IpH aMIIUTYAHOM KU
da3oBor MOIYIALIMH B CIIEKTPe OIITHYeCKOL HeCyIleH
BO3HHUKAIOT T.H. «OOKOBBIE» YaCTOThl. TeXHOIOTHS
KBAaHTOBOM PACCBLIKY K/I04Ya (KPK) c UCIio/1b30BaHUEM
boxkoBbIX uacToT [1] sBisiercsi 6a3oBoil s paspa-
OOTKM M CO3/IaHMS KBAaHTOBBIX JIMHHUH CBSI3U, B TOM
YHC/le IePBOM 3KCIIePUMEHTA/TbHON JTHHHUH KBaHTO-
BOM B3 MockBa - CaHKT-IleTepbypr [2]. AKTHBHOe
pa3sBUTHe OTeueCTBEHHBIX CHCTEM KBAaHTOBOM CBS3H,
BK/IIOYasi KBAHTOBBIM MHTepHeT, TpebyeT HCII0/1b30Ba-
HHSI COOTBETCTBYIOIEH 3/1eMeHTHOL 6a3bl.

IToctpoenre cuctembl KPK Ha OOKOBBIX YacTOTax
[0Jpa3yMeBaeT MCIIONb30BaHHE KaK aMIUIUTYAHBIX
(AM), Tak 1 ¢a3oBbix (PM) ONTHUYECKHUX MOZAYJISITO-
poB, pa60Tamme B guama3oHe yacTtotT 3-30 ITw. Kak
IoKasajq Halll aHaAHU3, A5 obecredeHust TpeboBa-
Hun cucteMbl KPK Ha 60KOBBIX 4aCTOTaX HEoOX04UMO
KCIIONIb30BATh 3JIEKTPOONTHYECKHE MOIY/ISATOPEI
Ha OCHOBE OITHYeCKMX BOJHOBOJOB Ha IIOAJIOMKKAX
HuobaTa nMUTHS. OHM HMEIOT CaMBbIHl HHU3KHH Ypo-
BeHb BHOCHMBIX IIyMoOB (mpumepHo -156 aBV,) mo
CPaBHEHHIO C a/JIbTepHAaTUBHBIMH TeXHOJIOTUSIMHU,
KCIIO/Ib3YIOIMMHU I10JIYIIPOBOAHHKOBEIE MaTepHaJIbl
A;Bs 1 KpeMHHUH. IIpH 3TOM IpUMeHeHMe B CHCTe-
Max KPK BbIaBHTaeT ocobnie Tpe6OBaHI/IH K KayecTBy
ONTHYECKHX BOJHOBOJOB, KOTOpBIE JIO/DKHBI obecrie-
YKMBaTh MUHHMAJIBHBIK YPOBEHb ONTHUYECKHX I1OTeph
1)1 paboThl C ONTHYECKMMH CUTHAJlaMH B peskuMe
cueTa efMHUYHBIX POTOHOB. Heobxomnmas HIKMpHHA
II0JIOCBl MOAYALMH obecrieyrBaeTcsl HKCIIO/Nb30Ba-
HHeM 3JIeKTPOZIoB Oeryiner BOJIHBI Ha OCHOBe KOILIA-
HapHOM JIMHUHU [3-5].

OCHOBHBIMH XapaKTePUCTHUKaMH HHTEIPajabHO-
ONTHYeCKHX MOAY/ISTOPOB Ha OCHOBe HHO06ATa TUTHS
SBNISIOTCA: IIMPUHA II0JIOCHL MOIYJISALIMH, II0yBOJI-
HOBOE HAIPsDKeHHEe W OITHYeCKHe I0TepH. JJaHHBIe
XapaKTePHUCTUKUA COBMECTHO C XapaKTepUCTHKaMH
HCTOYHMKA OIITHYeCKOro U3nydeHus (1asepa) u $oTo-
[IpHeMHHKA OIIPele/IsIoT Pe3ylIbTHUpYIolihe HHPOp-
MalMOHHbIe XapaKTePUCTUKU CHCTEeMBI CBSI3K, TaKHUe
KaK ITPOITYCKHAas CII0COOHOCTb.

Lenp maHHOM PaboThl - MPOAEeMOHCTPHPOBATH,
4TO paspaboTaHHBle OTeudeCTBEHHBIe HHTEIPAJIBHO-
OIITUYECKHUE MOIY/ISATOPHI II0 CBOMM XapaKTePHUCTH-
KaM IIOJTHOCTBIO COOTBETCTBYIOT TpebOBaHUSIM COBpe-
MeHHBIX cucTeM KPK U [103BOJISIIOT II0JIYYUTh BEICOKYIO
IIPOIYCKHYIO CIIOCOOHOCTb B BOJIOKOHHO-OITHYeCKOM
THMHUH, UCIONb3YIOUIeN B KaueCTBe MCTOYHUKA H3JTy-
YeHHUS CTaHIApTHBIM IONYIPOBOAHHKOBBIM Ja3ep-
HBIHM JUO/I,.

=

the quantum Internet, requires the use of an appropriate
element base.

The construction of a QKD system at side frequencies
implies the use of both amplitude (AM) and phase (PM)
optical modulators operating in the frequency range
of 3-30 GHz. As our analysis has shown, to meet the
requirements of the QKD system at side frequencies, it is
necessary to use electro-optical modulators based on opti-
cal waveguides on lithium niobate substrates. They have
the lowest introduced noise (approximately -156 dBV,)
compared to alternative technologies using A;Bs semi-
conductor materials and silicon. At the same time, their
use in QKD systems puts forward special requirements
for the quality of optical waveguides, which should
provide a minimum level of optical losses for work-
ing with optical signals in the single photon counting
mode. The required modulation bandwidth is provided
by using traveling wave electrodes based on a coplanar
line [3-5].

The main characteristics of integrated optical modu-
lators based on lithium niobate are: modulation band-
width, half-wave voltage and optical loss. These charac-
teristics, together with the characteristics of the optical
radiation source (laser) and the photodetector, determine
the resulting information characteristics of the commu-
nication system, such as throughput.

The purpose of this work is to demonstrate that the
developed domestic integrated-optical modulators in
their characteristics fully meet the requirements of mod-
ern QKD systems and make it possible to obtain high
throughput in a fiber-optic line using a standard semi-
conductor laser diode as a radiation source.

ARRANGEMENT OF INTEGRATED OPTICAL
MODULATORS

In this work, we investigated both types of integrated
optical modulators on lithium niobate substrates
(AM and PM) used in QKD systems (Fig. 1a, b).

AM 1is a waveguide Mach-Zehnder interferometer
(MZI) and is manufactured on X-cut lithium niobate
substrates. The modulator operates with linearly polar-
ized optical radiation lying in the plane of the substrate
(TE mode). The working polarization mode was sepa-
rated using a waveguide plasmon-polariton polarizer [6].
Traveling wave microwave electrodes are made on the
basis of galvanic silver with surface gilding and have the
configuration of a coplanar microwave line [7]. The opti-
cal waveguides of the two arms of the MZI are located in
the interelectrode gap of the coplanar microwave line,
providing the application of a field of opposite polarity
to different arms of the MZI. The configuration of the
electrodes was calculated from the condition of ensuring
the matching of the phase velocity of optical radiation
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YCTPOWUCTBO UHTEIPAJIbHO-
ONTUYECKNX MOAYNATOPOB

B nanHOI pabore 6bUIM HCCIemoBaHBL oba THIIA
MHTEerpajbHO-OIITHYECKHUX MOMY/IATOPOB Ha IIOMJIOXK-
Kax Huobara nutus (AM u O®M), HCIOIB3yIOIIHECS
B cuctemax KPK (puc. 1a, b).

AM mpencTaBnseT U3 cebsi BOTHOBOLHBIN HHTEp-
depomeTp Maxa-IleHmepa (MMLI) ¥ HM3roTaBIUBaeTCs
Ha IO[JIOKKAax HHobaTa nuTHst X-cpe3a. MomymsiTop
paboTaer ¢ TMHEHHO- MOISPHU30BAHHBIM OIITHUYECKUM
H3Iy4eHHEeM, JISKAIMUM B IIIOCKOCTH IIOJJIOKKH
(TE-mopa). BrimeneHume paboued MONSPU3ALMOH-
HOM MOZBI OCYILeCTBJISVIOCh BOJTHOBOJHBIM IIJIa3MOH-
[IO/IIPUTOHHBIM IOMIpHU3aTOpoM [6]. CBU-3/1eKTpoabl
Gerymier BOJHBI M3TOTaBIMBAIOTCSI Ha OCHOBe Talb-
BaHHYeCKOro cepebpa ¢ IIOBEPXHOCTHBIM 30JI04e-
HHeM MU HMMeIT KOHQHUIYpalHI0 KoIllaHapHou CBY-
JUHUMU [7]. OnTUYeCKHe BOJIHOBOBI AByX maed MMIT
pacmosnaraloTcs B MEXK3JIeKTPOOAHOM 3a30pe KoIlia-
HapHOM CBY-nuHuH, obecrieyuBasi IIPUIOKEHHE
K pasHbIM IledaM HMMII monsi ODPOTHBOIIOTIOKHOM
nosipHOCTH. KOoHOUryparus 31eKTpofoB 6bU1a pac-
CYMTaHA U3 YCIOBUS obecrieueHUs
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and the group velocity of the microwave wave with an
accuracy of 0.1% (Fig. 2).

A PM is a single direct optical waveguide, which,
unlike AM, is fabricated on a Z-cut lithium niobate
substrate and operates with linearly polarized optical
radiation perpendicular to the plane of the substrate
(TM mode). The waveguide is placed under the central,
“hot” electrode of the coplanar microwave line, which
provides the maximum overlap integral of the modulat-
ing microwave field and optical waveguide mode.

It is important to note that for the manufacture of
optical waveguides with extremely low losses (less than
0.01 dB/mm), the original technology of diffusion of
titanium ions with preliminary oxidation and special
measures to suppress the reverse diffusion of lithium
was developed [8].

Special attention was paid to the development of the
design of the housing of microwave modulators and
technical solutions for assembly into the housing. First
of all, special measures were taken to suppress parasitic
resonances associated with the excitation of microwave
modes of the substrate [9]. Chips of integrated optical

cornacoBaHusi $a3zoBOU CKOPOCTH
OITHYEeCKOI0 M3JIydeHUS WU IPYIl-
II0BOM CKOpPOCTH CBY-BOMHBEI C TOU-
HocThI0 0,1% (puc. 2).

®M - 3TO OOMHOYHBIK MPIMOL
ONTHYEeCKHUH BOJHOBOZ, KOTOPBIM
B OT/JIM4YHe OoT AM H3roTraB/IHBa-
€TCsI Ha ITOJJIOKKe Z-cpe3a HuobaTa
TUTUS U paboTaeT C JIHHEHHO-
IIOJISIPU30BAHHBIM OITHYECKHUM
H3JydeHHeM, IIeplIeHIUKYIIp-
HBIM IIJIOCKOCTH MOAI0KKU (TM -
Mofa). BonHoBon pasmeniaeTcs
O[T LIeHTPaJlbHBIM, <TOPSYUM»

CBY

3JIeKTPOJOM KoIllaHapHou CBY-
JTUHUH, 4TO obecrleuyHrBaeT Mak-
CHMAaJbHBIM HMHTerpaja IepeKkpbl-
THS Monynaupyrowmero CBY-mosns
M MOJBI OIITUYECKOI'0 BOJTHOBOAA.

BakHO OTMeTUTb, YTO [Jjs
WM3TOTOBJIeHMS OIITUYeCKHUX BOJI-
HOBO/IOB C YPe3BbIYalHO MaJIBIMHU
notepsMu (MmeHee 0,01 nB/mMM)
6pi1a oTpaboTaHa OPUTHHATBHAS
TeXHOJOrus Audpdysuu HOHOB
TUTaHa C IIpeJBapUTeIbHBIM
OKMCIeHHEeM U CIelHaJIbHbIMHU
MepaMH IIOfiaB/lleHHsI 0OpaTHOM
ouddysuu nutu [8].

a)

Puc. 1. KoH¢uzypauuu uHmezpanbHo-onmu4eckux mModyasimopos Ha NOGA0XKKAX
Huobama Aumus, 2eomempus 3/eKmpo0dos 6ezyuieli B0AHbI U INeKmpuyecKux
noseli onmuyeckozo uzaydeHus u CBY-80AHbI: a) amnaumyoHbll Modyasmop:
X-cpe3 no0noXKKU, 80AHOB00bI 06pasyrom uHmepdepomemp Maxa-LieHOepa;,

b) pazoewili modyasmop: Z-cpe3 nodAoxkku, npsmoli onmuueckuii 60AH0809; (1-
3/eKkmpodbl bezyuieli 80AHbI, 2 — DC-3Aekmpo0bl ynpasneHus paboueli moykod,

3 - 8x00Hol nonspusamop, 4 - dusnekmpuyeckuli nodcaoli SiO,)

Fig. 1. Configurations of integrated optical modulators on lithium niobate
substrates, geometry of traveling wave electrodes and electric fields of optical
radiation and microwave waves: a) amplitude modulator: X-cut of the substrate,
waveguides form a Mach-Zehnder interferometer; b) phase modulator: substrate
Z-cut, direct optical waveguide; (1-traveling wave electrodes, 2 - DC electrodes
for operating point control, 3 - input polarizer, 4 - dielectric SiO, sublayer)

b)
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Ocoboe BHHMaHUe 6bUIO yheleHO pa3paboTke KOH-
CTpykuuHK Kopryca CBU-MoAyIsiTOPOB H TeXHHYe-
CKHUM PpemeHHUSIM c6opkH B Kopmyc. IIpeskzme Bcero
IIPUHHMMAJIUCh CIelMajJbHble MepPhl 10 II0AABJIeHHUIO
[IApa3UTHBIX Pe30HAHCOB, CBSI3aHHBIX C BO3OyKze-
HueMm CBY-mop momnokku [9]. UHIIBI MHTETrpaabHO-
ONTHYECKHUX MOZYJISTOPOB OBLIM COCTBIKOBAHBI ITHI-
T3UaMH Ha OCHOBe OJHOMOZOBOIO ONTHYeCKOIOo
BOJIOKHA C COXpaHeHHeM IIOIAPHU3aLHH METOJO0M
IPUKJIENKHd B Topel]. JJIeKTpHU4YeCKHe COelHHEeHUS
OBUTH BBIIIOJIHEHBI Yepe3 IlepeXofHble TUIATH, obecrie-
YHBalolllye OOMOJHUTEAbHYI QYHKIMIO COIJ1acoBa-
HHUA ¢ BXogHBIM CBY-TpakToM 50 OM.

XAPAKTEPUCTUKUN MOAYNIATOPOB
H3MmepeHMs XapaKTePUCTUK MOOY/IATOPOB IIPOBOJM/IH
Ha [ByX yCTaHOBKax. YacTOTHBIE XapaKTEePUCTHUKH
37IeKTPOOIITHYECKOTO ITpeobpa3oBaHUs U3MEPSUIN KaK
ImapaMeTpHl S, U §;; C HUCIIO0Ib30BaHHEM BEKTOPHOIO
aHa/JIM3aTopa nerern ROHDE-SCWARZ ZNB40, obe-
CIIeYHMBAIOIIET0 M3MEePeHUs 3JIeKTPHUUECKOr0 CUrHaja
B mosoce 7o 40 I'T1 (puc. 3a).

B KauecTBe MCTOYHHKA KOT@PEHTHOTO H3jIyye-
HUS (2) KCIOJIb30BaJICsl IIONYIIPOBOAHUKOBBIL JIa3ep
C IJIMHOIM BOJIHBI HU3Iy4YeHU A=~1552 HM, M PUHOM
criekTpa <1 MII u BBIXOOHOIM MOIIHOCTBIO =8 MBT.

modulators were joined by pigtails based on single-mode
optical fiber with polarization retention by gluing to
the end. The electrical connections were made through
adapter cards providing an additional function of match-
ing with the 50 Q microwave input path.

MODULATOR CHARACTERISTICS

The measurements of the characteristics of the modula-
tors were carried out on two installations. The frequency
characteristics of the electro-optical conversion were
measured as parameters S, and S;; using a ROHDE-
SCWARZ ZNB40 vector network analyzer, which provides
measurements of an electrical signal in a band up to 40
CHz (Fig.3a).

A semiconductor laser with a radiation wavelength
of A=1552 nm, a spectrum width of <1 MHz and an out-
put power of ~8 mW was used as a source of coherent
radiation (2). The calibrated photodetector (4) had a band-
width of x50 CHz. The parameters are the transmission
coefficient (S,;) and the reflection coefficient (S;;) of the
microwave signals in the measurement system. In fig. 4
shows the dependence of the parameters S, and §;; of the
amplitude modulator on the modulation frequency F.

As can be seen from the above dependence of the gain
S, (F), the bandwidth of modulators B can be estimated
at 20 CHz using the criterion for the frequency response
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MPOEKTUPYEM U NPON3BOANM
B POCCWN

BeicokokavecTBeHHble CBY wHTErpaneHo-ontudeckme AM- wn ©M- moaynatopsl
OTtevecTBeHHOW pa3paboTkM AnA ONTU4eCKon, pagnodOTOHHOW M KBAHTOBOW CBA3M.
[lpeaeneHO-Mansie ONTUYECKWE NOTepK, YacToTa Mogynauunn ot £ go 40 Ty, nony-
BONHOBOE HanpsxeHwe He 6onee 6 B, CTaHAapTHLIE 0OAHOMOA0BBIE WK PM BONOKHa
Ha BXOfe W BbIXO4e MOAYNATOPA, AONOAHUTENBHBIE ONUWK NOJ 3aKas.
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a)

Bxop,

Puc. 2. AmnaumydHeiii onmudeckuti modyasmop: a) AM-modyasimop 8 c60pke co cHamoli eepxHeli KpbilKoli (opueHmupo-
804Hble 2a6apumsl kopnyca 90 x 9 x 9 MM3; Kopnyc U3zomasAueaemcs U3 AdmyHU U NOKpbIBAemcs CA0eM 30A0md MOoAUUHOL

5 mMKM); b) KoHCmpyKuus AM-modyasmopa 8 kKopnyce (Macumaé npou3soAbHbll): 1 - N0dA0XKKA HUObama Aumus; 2 - onmu-
ueckue 80nH0800b!1, 0bpasyrouiue VIMLL; 3 — CBY-3nekmpodbl bezyLueli 80AHbI; 4 — C02AaC08AHHAS HAZPY3KaA; 5 — HU3KoYacmom-
Hble 3AeKmpo0dbl ynpasneHus pabouetl moukol; 6, 7 — nepexodHele naamel; 8, 9 — anekmpuyeckue passemsl; 10 — CMbIKOBOUYHbIE
YNPOYHSIOLLUE 3AeMeHMbl B0A0KOHHO-ONMUYeCKUx nuzmaiinos; 11— kopnyc; 12 - 8xo0HOU noAsipusamop

Fig. 2. Amplitude optical modulator: a) AM modulator in the assembly with the top cover removed (the approximate dimensions
of the case are 90 x 9 x 9 mm?3; the case is made of brass and covered with a layer of gold 5 pm thick); b) design of an AM modula-
torin a housing (arbitrary scale): 1~ lithium niobate substrate; 2 — optical waveguides forming the MZI; 3 = microwave traveling
wave electrodes; 4 - matched load; 5 - low-frequency electrodes for operating point control; 6, 7 — transition boards; 8, 9 - elec-
trical connectors; 10 — docking reinforcing elements of fiber-optic pigtails; 11 - case; 12 - input polarizer
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KanubpoBaHHBIN QOTOIPHEMHHUK (4) HMes IIHPUHY
nonocel =50 ITr. ITapameTphl IPefCTaBIsSIOT Coboi
Ko3QPULIMeHT mepenadu (Sy) U Ko3dPHUIMEHT oTpa-
skeHUs (S;;) CBY-CUIHAIOB B M3MepHUTeIbHOM CUCTEME.
Ha puc. 4 mokasaHbl 3aBHCHMMOCTH IIapaMeTpoB S,
U S aMIUIMTYLHOTO MOZY/IATOPa

OT 4aCTOThl MOAY/ISALHUH F.

roll-off by 3 dB. The initial section of the dependence,
which has a characteristic maximum in the range of
about 0-2 CHz, is usually not considered [4, 9]. Therefore,
for further estimates, we will use the boundaries of the
operating band from 2 to 22 CHz.

Kak BUOHO H3 anBe,/:LEHHofI

3aBUCUMOCTH  Ko3dpdUuliMeHTa
nepenaui S, (F), MIKPUHY I10I0CHL

YacTOT MOAYIATOPOB B MOKHO
oueHUTh B 20 ITIi, HCIIONB3YyS

Brixopn

=1=1===

l=1=1===

Kputepun cnaga A4YX Ha 3 Ob.
HavajnbHBIM Y4YacTOK 3aBHCHMO-

CTH, HMEKIIHMHN XapaKTepHBIU
MaKCHMMYM B HHTepBajie IIpHU-
mepHo 0-2 I'Tw, Kak IIpaBUIo, He
paccMmaTpuBaetcs [4, 9]. ITosTomy
IJ1s [aAbHEeNIINX OLleHOK Oymem
HCIIO/Ib30BaTh TPAHMIBI paboder
IIOJIOCHI OT 2 Jo 22 I'T11.

OTMeTHM, YTO 3aBHCHUMOCTH
Su(F) B wuHTepBane 15-20 ITn
MMeeT BOJHOOOpPasHBIM Xapak-
Tep (puc. 4a, c). M3 cpaBHeHHUS
ee ¢ 3aBucuMoctbo S;(F) BUAHO,
YTO MaKCHMYMBl OTpa’keHHs
MOIIHOCTH Mopayaupyomero CBY-

a)

Puc. 3. bnok-cxembl u3mepumenbHbX ycmaHo8oK 0As onpedeneHusi Napamempos
MOAyAIMOpo8: a) 0As U3MepeHUs Napamempos S,, U Sy, b) dast usmepeHus onmu-
yeckux cnekmpos; (1 - 8exmopHbili aHaauzamop uenel, 2 - Ad3ep, 3 — uccnedye-
Mbll 06paseu, Modyrsmopa, 4 — KaAnubposaHHbll GomMonNpuemHuUK, 5 — UCMoYHUK
ynpasneHus pa6oyeil moykoli, 6 - CBY-zeHepamop, 7 - cnekmpoaHaauzamop)
Fig. 3. Block diagrams of measuring installations for determining the parameters
of modulators: a) for measuring the parameters S, and Sy,; b) for measuring
optical spectra; (1- vector network analyzer, 2 - laser, 3 - sample of the modula-
tor under study, 4 - calibrated photodetector, 5 - operating point control source,
6 — microwave generator, 7 - spectrum analyzer)

b)
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CHUTHaJIa COBIAJAIOT C MUHMMYMaMHU Ko3pPHUIIKeHTa
mnepefgavyu. ITO TOBOPUT O TOM, 4YTO B CBY-TpakTe
MOJY/ISITOPA eCTh IepeoTpakeHHs. OHU MOTYT OBITh
CBSI3aHBI C HEOIITUMA/IbHOM KOHQUIYpaLler X HeZo-
CTaTOYHO TOYHOM YCTAaHOBKOM B KOPIIyC MOAYJISTOPA
nepexofHblx CBY-I1aT. 3aMeTHBIM CIaJ B 4acTOT-
HOH 3aBHUCHMOCTH Ko3ddulirieHTa mnepesadu S, (F),
HayuHasg ¢ 4yactorhl 30 ITi, o6yCHOBHeH HCIIO/IB30-
BaHveMm CBY-pasbeMa, miag Kotoporo 30 ITi saBis-
eTCs MpefeIbHON YaCcTOTOM COIVIACHO TeXHHYeCKOMY
OITHCAaHUIO.

Ha puc. 4c, d mpencTaBieHsl 3aBUCHMOCTH S, (F) st
MOJY/IATOPOB, YKOMILIEKTOBaHHBIX CBY-pasbemaMu,
MMeMUMH pabouyio oaocy 4acToT Bbime 40 ITi.
IIpMep HeTOYHOL YCTAaHOBKH II€PeXOAHBIX IIIaT
WJUTIOCTPUPYeT pHUc. 4c (Habmromaercss BonHOOOpas-
HOCTB). Ha puc. 4d mpuMep TOUHOM yCTaHOBKH Ilepe-
XOIHBIX IIJIAT — BOJIHOOOPA3HOCTh CIVIasKeHa, U IMHUS
HMeeT IpaKTU4YeckH POBHBIM BHA. Hanuuue B paii-
oHe 4acToThl 36 ITr (cMm. puc. 4c, d) y3skoro MUHH-

=

Note that the S,, (F) dependence in the 15-20 GHz inter-
val has a “wavy” character (Fig. 4a, ¢). Comparing it with
the dependence §,; (F), we can see that the maxima of
the reflection of the power of the modulating microwave
signal coincide with the minima of the transmission
coefficient. This suggests that there are multiple reflec-
tions in the microwave path of the modulator. They can
be associated with suboptimal configuration and insuf-
ficiently accurate installation of microwave adapter cards
in the modulator case. A noticeable drop in the frequency
dependence of the transmission coefficient S,, (F), start-
ing from a frequency of 30 CHz, is due to the use of a
microwave connector, for which 30 GHz is the limiting
frequency according to the technical description.

Fig. 4c, d shows the dependences S,, (F) for modula-
tors equipped with microwave connectors having an
operating frequency band above 40 CHz. An example of
inaccurate installation of riser cards is illustrated in Fig.
4c (undulating is observed). Fig. 4d shows an example of
the exact installation of risers - the waviness is smoothed,
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MyMa CBSI3aHO C Pe30HAaHCHBIMU SIBIeHHSIMH, KOrna
B IJIACTHHY HHU0baTa TUTHUS MOXKeT IIPOHHKATh YacTh
BXoJHOro CBY-H31yyeHMs.

3HaveHHe Ko3dpouIMeHTa Iepegauu G [aB] mpu
GUKCUPOBAaHHOK MOLIHOCTH JIa3ePHOIO KCTOY-
HUKa HANpPSIMYI CBSI3aHO C IIOJIYBOJIHOBBIM
HanpsoreHHeM [9]:

C:—22,1+201og[1£],
VP

rae I, [MA] - IOCTOsSIHHasl COCTaB/sIOIIAsl TOKa Ha
BBIXOZle KaJIMOPOBaHHOro ¢oTolpHeMHHUKa, V. [B] -
II0JIyBOJIHOBOE HampsiKeHHe. CoenmaHHas M3 CIIEK-
TPaJbHOM 3aBHUCHMOCTH OLleHKa II0J1yBOJIHOBOTO
HaIpsbKeHHA 5,4 B cornmacyeTcs ¢ pe3yabTaTaMU IIps-
MBIX U3MepeHHH Ha JacToTe 1 KI'LI.

IToCKOMBKY MOJIYISTOPHI IIpegHa3HAYeHBbl /i
HCII0/1b30BaHUS B cucTeMax KPK Ha 60KOBBIX 4acTo-
TaX, IOMHMO CTaHAAPTHBIX H3MePeHHUM I10JI0CHL
YaCTOT U I10JIyBOJTHOBOI'O HAIPSKeHUs, ObLIM IIpO-
BeJleHbl H3MEepeHMs OINTHYeCKHX CIeKTPOB Ha
BBIXOJle MOZYJIATOPOB IIPU MOAYISALHUKA CHHYCOH-
OanpHBIM CBY-curHasoM. [Is U3MepeHHH HCII0Nb-
30BajICd ONTHYeCKMH aHanu3aTop crmekrpa APEX
AP 2060 (puc. 3b). Ha puc. 5 mpeAicTaBlIeHBl ONTH-
YecKHe CIIeKTpBl HeCyllled II0C/e OJHOYaCTOTHOTO
IIOJIYIIPOBOAHKMKOBOIO Jjla3epa M CIIeKTPHl IIoCje
AMIIIUTYAHOro M $asoBoro MOAYyIATOpoB. Ha
OIITUYECKOM CIIeKTpe mocie AM B KBaApaTypHOH
pabouert TouKe BUAHBI [Be OOKOBBIe TapMOHUKH,
COOTBETCTBYIOIIME MOAYISALMN aAMIUIMTYObl OIITH-
Yeckoro curHasa. IlosBieHHe BBICIIMX TapMOHHKK
C CyllecTBeHHO 0oee HM3KMMH aMIUIATYLAMH

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
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and the line looks almost even. The presence of a narrow
minimum in the 36 CHz frequency region (see Fig. 4c,
d) is associated with resonance phenomena, when a part
of the input microwave radiation can penetrate into the
lithium niobate plate.

The value of the transmission coefficient G [dB] at a
fixed power of the laser source is directly related to the
half-wave voltage [9]:

v
G=-22,1+20log| ~& |,
Vp
where I [mA] is the constant component of the current
at the output of the calibrated photodetector, V, [V] is
the half-wave voltage. The estimated 5.4 V half-wave
voltage from the spectral dependence is consistent with
the results of direct measurements at a frequency of 1
kHz.

Since the modulators are intended for use in QKD
systems at side frequencies, in addition to standard
measurements of the frequency band and half-wave
voltage, measurements of the optical spectra at the out-
put of the modulators were carried out with modulation
with a sinusoidal microwave signal. An APEX AR2060
optical spectrum analyzer was used for measurements
(Fig. 3b). Fig. 5 shows the optical spectra of the carrier
after a single-frequency semiconductor laser and the
spectra after the amplitude and phase modulators. In
the optical spectrum after AM, at the quadrature operat-
ing point, two side harmonics are visible, correspond-
ing to the modulation of the optical signal amplitude.
The appearance of higher harmonics with significantly
lower amplitudes is associated with nonlinear distor-
tions. The optical spectrum at the output of the phase
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Puc. 5. Pe3yabmambl U3mepeHUst onMu4ecKUX cnekmpos: ) onmuy4eckast HecyLiast Ha 8bixode NoAynpo8odHUKO8020 Ad3epa
(Ag=1552 Hm, P,=8 mBm); b) cnexmp onmuueckozo cuzHana nocae amnaumydHo20 modyasmopa 8 keadpamypHoll paboel
mouke (F=12 I'Tu, P=15 dbm); ¢) cnexmp onmu4eckozo cuzHaaa nocie ¢pazosozo modyasmopa (F=12 Iy, P-=15 0bm)

Fig. 5. Results of measuring optical spectra: a) optical carrier at the output of a semiconductor laser (A,=1552 nm, P, =8 mW);
b) spectrum of the optical signal after the amplitude modulator at the quadrature operating point (F=12 GHz, P=15 dBm);

c) spectrum of the optical signal after the phase modulator (F=12 GHz, P=15 dBm)
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CBSI3aHO C HEJIMHEHMHBIMH HCKasKeHHSIMH. OITH-
YecKHUH CIeKTp Ha BBIXoAe $Ha3oBoro MoayasiTopa
6oee 60raTHIN U COMEPSKUT ITOTHBIN HAOOp BBICIIHMX
TapMOHHUK.

M3 nu3aMepeHHUI ONTHYECKOIO CIIEKTPA Ha BBIXOJE
MHTeIrpajbHO-OIITUYECKHUX MOJYIATOPOB IIPH Ppas-
HOM aMIUJIMTYZe MOAYJHPYIOIIero CUrHansa, H3me-
HAOIIeNcs B Auama3oHe oT -40 gbm mo 25 nbw,
OBLIM IIOCTPOEHBI 3aBHCHMOCTH COOTHOIIEHHS CHI-
Has/IIyM A4 Pa3sHbIX YaCTOTHBIX TAPMOHHK MOZY-
JHPYIoIero curuana (puc. 6).

Jns mepBor TapMOHHMKH MOIY/IHPYIOILEro CHI-
Hajla COOTHOIIEeHUe (S/N)MAX cocrasiger bosee 60
0B, ompenenseMoM IJMaBHBIM 06pa3oM BpeMeHeM
yCpeoHeHHUs ONTHYeCKOTo aHa/JIM3aTopa CIeKTpa,
IIpY MOIIHOCTH MOJY/JIHPYIOIIEro CurHaaa 25 nbm.
AHaloru4yHble HU3MepeHUs ObUIM IIPOBeNEHBI s
Tpex 4YacTOT MOAYIHpyloulero curuana F=4,8; 7,8
U 12,0 IT. HeobXogMMO OTMETHTh, UTO B npene-
7axX TOYHOCTH 3THUX H3MepPeHHUM BelHMUYHHa OTHO-
meHUsST (S/N)yax [AJSI BCex Tpex 3HAUYeHHUN He
OT/IMYAIach U coCcTaBasina ~60 gb (puc. 7). B cBsi3u
C 0CODEHHOCTSIMH TeXHHUYECKHX XaPaKTePUCTHUK
CBY-reHeparopa HM3MepeHHS Ha YacTOTaxX BhIIIe
12 IT1 He mpousBoAmIKn. TeM He MeHee, HCII0/Ib3Ys
M3MepeHHble YaCTOTHBhIe 3aBUCUMOCTH KO3OOHIIU-
eHTa Iepefauu Sy(F), MOXHO OLlEeHHTb, YTO BeJH-
yuHa (S/N) I IIepBOI rapMOHUKHU COCTaBIsIeT He
meHee 57 nb mnia F=20 ITi. 3TO CBHUOETEILCTBYET
0 BO3MOXHOCTH 3PeKTHBHOIO0 MCIOJb30BAHHUS
MoAynsaTopoB B cucTeMax KPK Ha 60KOBBIX 4acTOTaX
BO BCeM [JOCTYIIHOM pabodeM HYaCcTOTHOM [HaIlad-
30He 20 I'T1I.
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modulator is richer and contains a full set of higher
harmonics.

From measurements of the optical spectrum at the
output of integrated-optical modulators at different
amplitudes of the modulating signal, varying in the
range from -40 dBm to 25 dBm, the dependences of the
signal-to-noise ratio were constructed for different fre-
quency harmonics of the modulating signal (Fig. 6).

For the first harmonic of the baseband signal, the
(S/N)yax ratio is greater than 60 dB, mainly determined
by the averaging time of the optical spectrum analyzer,
at a baseband power of 25 dBm. Similar measurements
were carried out for three frequencies of the modulating
signal F = 4.8; 7.8 and 12.0 GHz. It should be noted that,
within the accuracy of these measurements, the value
of the (S/N)ysx ratio for all three values did not differ
and amounted to =60 dB (Fig. 7). Due to the peculiari-
ties of the technical characteristics of the microwave
generator, measurements at frequencies above 12 CHz
were not performed. Nevertheless, using the measured
frequency dependences of the gain S,, (F), it can be esti-
mated that the value (S/N) for the first harmonic is at
least 57 dB for F=20 GHz. This indicates the possibility
of effective use of modulators in QKD systems at side
frequencies in the entire available operating frequency
range of 20 GHz.

CONCLUSION

The developed and manufactured integrated optical
amplitude and phase microwave modulators have a work-
ing frequency bandwidth of at least 20 GHz (according to
the criterion of 3 dB decay). The 5.4 V half-wave voltage
provides efficient sideband generation. The achieved
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Fig. 6. Dependence of the S/ N ratio at the modulator output on the signal power at the input (input signal frequency
F=12.00 GHz): a) amplitude modulator; b) phase modulator (I; II; IlI; IV — harmonics)
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3AK/TIOYEHUE

Pa3paboTaHHBle KU H3TOTOBJIIEHHbIE HHTETPAIbHO-
OIITHYeCKHe aMIIIMTyOHBIe H ¢a3oBble CBY-
MOZY/ISITOPBI 06JIafAI0T I PHUHOK MOIO0CHI pabounx
4JacToT He MeHee 20 IT11 (110 KPpUTEPHIO CIIafa Ha 3
nb). IlonyBonHOBOe HampskeHue 5,4 B obecrieuu-
BaeT 3GPeKTHBHYI0 TeHepalMi0 HOKOBBIX YaCTOT.
JOCTUTHYTBle IIapaMeTphl B IIOJHOK Mepe OTBe-
YaloT TpebOBaHUSIM, IIPeAbsBISIEMBIM K MOAYJISITO-
PaM Kak Iyist «06BIYHBIX» CUCTEM OIITHYECKOM CBSI3U
C aMIUIUTYAHOU U $a30BOM MOLY/IALMeH, TaK 1 IS
CHCTeM CBSI3H, MCIIONb3YIOIIMX MPUHLMII KBaHTO-
BOM PacCBUIKY KJIF0Ya Ha HOKOBBIX HACTOTAX.
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Puc. 7. 3asucumocmb omHoweHus (S/ N)MAX 048 nepeoli
20PMOHUKU MOOYAUPYIOULE20 CUZHAAG OM YACMOMbl MOOY-
Asuuu F (MowHOCmb modyaupyrolezo cuzHana 25 dbm):

A = amnaumyoHsbili modyasmop, b - ¢azosbili modyasmop
(0603Ha4eHUs: KBAdpAMUKU — U3MepeHHble 3HAYeHUS];
KPY>)KKU = 3Ha4eHUs, NoAy4YeHHble nymem annpokcumayuu
3agucumocmu S,,(F)

Fig. 7. Dependence of the (S/N)yx ratio for the first
harmonic of the modulating signal on the modulation
frequency F (the power of the modulating signal is 25 dBm):
A - amplitude modulator, B - phase modulator (symbols:
squares — measured values; circles — values obtained by
approximation of the dependence S, (F)

parameters fully meet the requirements for modulators
both for “conventional” optical communication systems
with amplitude and phase modulation, and for com-
munication systems using the principle of quantum key
distribution at side frequencies.
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