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CTaTbs 3HAKOMUT YnTaTesNei C NPUHLUNAMMU
CO3[,aHUSA ONTO3JIeKTPOHHbIX CBY-reHepaTopoB.
He npeTeHAys Ha NO/HOTY OXBaTa, aBTOPbI
QHANU3UPYIOT OCHOBHbIE TUMbI FeHepaTopoB,
Knaccupumumpys mx no NpUHLMUNY AencTems.
KpaTko paccMmoTpeHbl pusnyeckme npoLecchbl,
Nexcawme B OCHoBe paboTbl pa3/IMyHbIX

TUMNOB reHepaTopoB. NpuUBefeHO CpaBHEHUE
XapaKTepUCTUK FreHepaTopoB.
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KOJIbLLEBbIE pe30HATOPbI
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BBEAEHWE

OnrosneKTpoHHble reHepaTopel (O3I) CBepXBbI-
cokoyacTtoTrHoro (CBY) curHasza SIBISIOTCA OJTHUM
M3 OCHOBHBEIX YCTPOMCTB PagZHOPOTOHHKH, KOTO-
PBIM pefcTaBisieT OTPOMHBIM HAay4YHBIM U IPaKTH-
4JecKHl HHTepec. O3 HaXomsAT CBoe NPHMeHeHHe
B HM3y4YeHHH HeIHHEeHMHON AWHAMMKHU 3J1eKTpoMar-
HHTHBIX BOJIH B OINTHYecKOM H CBY- gHama3oHax.
OHH HaxoA4T Ba’KHOe IIPaKTHYecKoe IpHMeHeHHe
ISl OITUYeCKHUX CHUCTeM CBS3M, FeHepalluH CBepx-
crabunpupix CBY-CHUIHaIOB, Panro/IoKALIMOHHBIX
CHUCTeM, TeHepalMMi OIITHYeCKOr0 Xaoca M MHOIMX
apyrux. [71aBHOM ocobeHHOCTBI0 O3 SIBISIETCST OLHO-
BpeMeHHOe UCII0/Ib30BaHHe OINTHYeCKUX U 3JIeKTPOH-
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The article confronts the readers with the
principles of creating optoelectronic microwave
generators. Without pretending to be complete,
the authors analyze the main types of
generators, classifying them according to their
principle of operation. The physical processes
underlying the operation of various types of
generators are briefly considered. A comparison
of the characteristics of the generators is given.
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INTRODUCTION

Optoelectronic oscillators (OEOs) generating of
a microwave signal are one of the main devices in
microwave photonics, which are of great scientific
and practical interest. OEOs find their application in
the study of nonlinear dynamics of electromagnetic
waves in the optical and microwave ranges. They find
important practical applications for optical communi-
cation systems, generation of ultra-stable microwave
signals, radar systems, generation of optical chaos,
and many others. The main feature of the OEO is
the simultaneous use of optical and electronic com-
ponents, which makes it possible to take advantage
of the key advantages of the OEOs in the optical and
microwave ranges.
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HBIX KOMIIOHEHTOB, YTO I103BOJIsleT BOCIIOJIb30BaThCS
K/IIOYeBBIMU IIperuMyliecTBaMu O3 B OIITHYECKOM
U CBY- muama3oHax.

B cTaThe paccCMaTpUBAIOTCS OCHOBHBIE THIIBI OIITO-
3/1eKTpOoHHBIX CBY-reHepaTopoB. CTaThs He IIpPeTeH-
OyeT Ha HCYepIIbIBAIOIIYI0 IIOJTHOTY OXBaTa paboT
o O3I'. Ha HacTosSImMM MOMEHT BpeMeHH 6as3a gau-
HeIX «Web of Science» mo 3ampocy «Optoelectronic
oscillator» BrimaeT 6onee monayTopa THICAY CTaTeH.
B mocnenHee mecsTrieTHe MyOIHMKyeTCsl OpsaKa 150
ctatert B roz. Takoe MHoroobpasue pabor He MO3BO-
JIsieT coCTaThCsl Ha Bce MyONMMKAIIUK, BHECHIHE BRI/
B pasBUTHe 3TOr0 HaIlpaBjieHUs. [103TOMy aBTOpEI
OTpaHMYKIN cebsl KIacCuPUKALIMel OITO3IeKTPOH-
HbIX CBU-reHepaTOpoB II0 MNPUHLHUIY OEHCTBUSA
CO CCBUIKAMH Ha OCHOBHBIEe PaboTBI U IIPUHOCIT CBOU
M3BHHEHUS] TeM aBTOpaM, YbH PaboThl He BOILIH
B JAHHBIH 0030p.

1. ONTOSNEKTPOHHDbIE TEHEPATOPDI
HA OCHOBE PE3SOHATOPOB
Cc MOAOAMU LUEI'I'-IVU.I,EI?I FAJIEPEU

Fenepanuioo CBY-curHaga MOXKHO IIOJNYYUTh IIPH
IIOMOIIY OITHYeCKOM HaKayKu HeJTHHEeNHON CpeJbl
U JalbHeHIIelN IeHepalluM ONTHYEeCKOM YacTOTHOH
rpebeHKH. DTO BO3MOXKHO IIPH IPOSIBIEHUH CO6-
CTBEHHOM MOAYISLIUOHHON HEYyCTOMYUBOCTH, KOTO-
pas MOXXeT BO3HHKAThb TOJIBKO B HEJTHMHEWHBIX [IHC-
[IeprUPYIOIIUX Cpelax. SBiIeHHe COBCTBeHHOM
MOZAYISLIMOHHON HEeYCTOMYMBOCTH 3aK/II04aeTcs
B TOM, YTO IIPU PacIpOCTPaHeHHH HHTEHCHBHOIO
KBa3MMOHOXPOMATHYeCKOro CUTHajla B HeJTMHENHOH
OUCIIEPTUPYIOLIEH Cpefe BO3HHUKAeT IlepHoAHYecKast
CaMOMOZYISILUS ero aMIUIUTYZAbL. IIpU 9TOM B CIIeK-
Tpe CHUTHaJIa BOKPYI OCHOBHOM TapMOHHUKH POX-
IDAIOTCST OOKOBBIE TAaPMOHMKH (KX YacTO Ha3bIBAIOT
caTennuTaMu). Takor 3deKT sIBISeTCST MOPOTOBBIM
1 00yC/IOB/IeH Pa3BUTHEM YeTHIPeXBOJIHOBOIO IIapa-
MeTPHYeCcKOro B3aMOJEHCTBHS BOMIH [1].

Pa3BUTHe CO6CTBEHHON MOAYISIIMOHHON HeyCTOM-
YMBOCTH KadyeCTBEHHO ITogcHseT puc. 1. CuHycou-
JAIBHBIM CUTHA/I BBOOUTCS B HEJIMHEMHYIO JHUCIIepru-
pyIollyio cpeny. KpoMe 3Toro cMrHaja B cpefie Bceraa
IIPUCYTCTBYeT TeIJIOBOM IIYM, BBI3BAaHHBIM TeIlIO-
BBIMU KoyebaHUSIMU cpefpl. [Io Mepe yBeIHYeHHS
BBOOKMMOM B Cpelly MOIIHOCTH BC/IeNCTBHE UeThIpex-
BOJIHOBOTO IIapaMeTPUYeCKOTo ITpoliecca MOITHOCTb
OOKOBBIX FAPMOHHK BO3pacTaeT.

Onrruyeckue rpebeHKU BO BpeMeHHON 067acTu
IIPeNCTaBIISIIOT COBOI I10CIe0BaTeIbHOCTh HelHUHeH-
HBIX ONTHYeCKHX HUMIIYJIbCOB — COJIMTOHOB, KOTOPHIE
SIBJISIIOTCSL Pe3y/lIbTaTOM CJIOKEHHS MHOXKeCTBa pe3o-
HAaHCHBIX TapMOHHUK CHUCTeMBI. [JITaBHOM 0CO6eHHO-
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a) BXOZHOM CUTHAI
Input signal
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b) BO3HUKHOBEHHeE CI1ab0l MOLYIALIUH
Weak modulation occurrence
W
W, W,

¢) BO3HUKHOBEHUE CHIBHOM MOAYIALINHU
Strong modulation occurence

d) ®opMHpPOBaHUeE IIOCIELOBATEIBHOCTH COTUTOHOB
Soliton train formation

Puc. 1. Pazgumue cobcmeeHHOU MOOYASIUUOHHOL Heycmol-
yugocmu ¢ pocmom MowHoCmu

Fig. 1. Development of self modulation instability with
increasing power

The article discusses the main types of optoelectronic
microwave oscillators. The article does not claim to be
an exhaustive coverage of the work on the OEO. At the
present time, the Web of Science database produces
more than one and a half thousand articles on the query
“Optoelectronic oscillator”. In the last decade, about 150
articles have been published per year. Such a variety
of works does not allow us to refer to all the publica-
tions that have contributed to the development of this
direction. Therefore, the authors limited themselves to
the classification of optoelectronic microwave oscillators
according to the principle of operation with references to
the main works and apologize to those authors whose
works were not included in this review.
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CTBIO OIITHYECKUX YaCTOTHBIX I'PebeHOK SIBJISeTCS
3KBUAYCTAHTHOCTh ONTHYECKHUX FapMOHHK HX CIIeK-
Tpa. DTO II03BOJIeT KCIIONb30BaTh ONTHYECKHE Ipe-
6eHKU 11 reHepanuu CBY-curHanos.

Puc. 2 obwbsicHseT monydeHue CBY-curHana
M3 OITHYEeCKON YacTOTHON rpebeHku. Ilpu dotone-
TeKTHPOBAaHUM I10C/Ie[0BATe/IbHOCTH OITHYeCKUX
HMIIYJIbCOB II0JIy4aeTcs I10C/IefOBATe/IbHOCTh 3JIeK-
TPHUUYECKUX MUMIIYIbCOB. OHH XapaKTepU3yIOTCS IIepH-
0lOM IIOBTOPeHHS T,, KOTOPBIKM HAIIPSIMYIO OIIpe-
JenseT HHTEPBAT MeXIy COCeJHHMH 4YacTOTaMH

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
m PAOVNOPOTOHUKA I m—
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

1. OPTOELECTRONIC OSCILLATORS
BASED ON RESONATORS WITH
WHISPERING GALLERY MODES
Ceneration of a microwave signal can be obtained
using optical pumping of a nonlinear medium and
further generation of an optical frequency comb. This
is possible when self-modulation instability manifests
itself, which can arise only in nonlinear dispersive
media. The phenomenon of self-modulation insta-
bility lies in the fact that when an intense quasi-
monochromatic signal propagates in a nonlinear

YacTtoTHas 06/1acTh
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Puc. 2. MpedcmasneHue onmuyeckux 2pebeHoK 80 8pemMeHHOL U YacmomHol 06aacmu u ux ces3b ¢ CBY-yacmomamu [2]
Fig. 2. Representation of optical combs in the time and frequency domain and their relationship with microwave frequencies [2]

230 POTOHMKA TOM 15 N2 3 2021



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
I MICROWAVE PHOTONICS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

ONTHYeCKON rpebeHKHU Kak f[,=1/T,. CIeKTp HeTeKTH-
PyeMOro CHTHala IIpeAcTaBiseT cobor Habop 3KBHU-
OVCTAaHTHBIX TAapMOHHK C IIEPHOAOM ITOBTOPEHHS f,.
CIIeKTp YacTOTHOM TIpebeHKH MOXKeT OBITh COBHHYT
Ha YacToTy f,, KOTOpasl SBJSETCS MEPOM KOTepeHT-
HOCTH MeXIy TapMOHHUKaMHU IpebeHKH K I10Ka3bl-
BaeT M3MeHeHHe (a3bl ONTHYECKOM HeCyLIeH OTHO-
CUTeNBbHO ormbaromeil MMIynabca. TakuM o06pasoM,
yacrtota N-oM rapMOHUKH B rpebeHKe OIlpefesnseTcs
CTIeAYIOUIM BbIPaKeHHEM:

vy=N-f,+f0. 1)

HennHeliHble CBOMCTBA ONTHYeCKHMX Ppe30HATO-
POB C MoJaMH Mlermuyiner raizeper (MIIT) mccreny-
IOTCSI B Te€4YeHHe [0Jroro BpeMeHH [3-5]. TunmuyHas
CcXeMa 3KCIIepUMEeHTAJIbHOM YCTAaHOBKH IJISI IIpPOBe-
JOeHUSl TaKUX MUCCIefOBAaHUIM IIpHBelleHAa Ha PHC. 3.
B pabore [6] 6bUIa MOKa3aHa IMapaMeTpUYecKas reHe-
palius ONTHYECKOM YaCTOTHOM I'pebeHKU B JHCKOBOM
pe3oHaTtope ¢ MIUII, coemaHHOM M3 $TOpHIA Kajlb-
uus (CaF,). TeHepalys OCyIIecTB/sIACh 3 CUeT pas-
BUTHSI B Pe30HATOpe COOCTBEHHOM MOAY/ISLIMOHHOM
HeyCTOMYHUBOCTH - YeThIPEeXBOJIHOBOTO IIapaMeTpHU-
YeCcKoro Ipolecca, IIpyd KOTOPOM MOIIHOCTb M3 H3JIy-
YeHHs] HaKauKy IlepeKadyHBaeTcsi B HOKOBbIe TapMo-
HUKH. YBeJIMUeHHEe MOLIHOCTY HaKa4yKH ITPUBOLUIIO
K KaCKaJHOH reHepallMHd SKBHAKUCTAHTHBIX TapMo-

HUK U 00pa3’oBaHHUIO YAaCTOTHOM TIpebeHKH. HHTep-
BaJl MeXIy TapMOHHKAMU TIpe-

dispersive medium, periodic self-modulation of its
amplitude occurs. In this case, side harmonics are
generated in the signal spectrum around the funda-
mental harmonic (they are often called satellites).
This effect is threshold and is due to the development
of four-wave parametric interaction of waves [1].

The development of self-modulation instability is
qualitatively explained in Fig. 1. A sinusoidal signal
is introduced into a nonlinear dispersive medium. In
addition to this signal, there is always thermal noise
in the medium, caused by thermal vibrations of the
medium. As the power introduced into the medium
increases, due to the four-wave parametric process,
the power of the side harmonics increases.

Optical combs in the time domain are a sequence
of nonlinear optical pulses - solitons, which are the
result of the addition of many resonant harmonics
of the system. The main feature of optical frequency
combs is the equidistance of the optical harmonics of
their spectrum. This allows the use of optical combs to
generate microwave signals.

Fig. 2 explains the acquisition of a microwave signal
from an optical frequency comb. By photodetecting
a sequence of optical pulses, a sequence of electrical
pulses is obtained. They are characterized by a repeti-
tion period Tr, which directly determines the spacing
between adjacent optical comb frequencies as f,=1/T,.
The spectrum of the detected signal is a set of equi-
distant harmonics with a repetition period f,. The fre-

6edku cocTtaBis1 25 ITi. Takum
obpasom, B pabore [6] b6p1a mpo-

eMOHCTPUpPOBaHa TeHepalus Haxauxa
A pup pall Pumping
CBY-curHasza Ha yvactote 25 ITI Jlasep | Laser 7/ \
- A=1550 HM | HM 7 3
N ook BT w——— =
HOH rpe6eHKH, HyTeM U3MeHe- AN s . [IpHU3MBI 7S
HIS Hec - / CaF, MIIIT \  BBOJA/BBEIBOAA
yILEeH 4aCTOThI U3/TydeHUs pescnatop | manyaenn
HaKauK{ M3MEHSICS HHTEepBal oA | car,woMm | Prisms for
0SA \ : )
MEXKAy TapMOHHKAMH B rpebeHke. ! \_resonator / input/output
OH coctapnsn m-25 [T (rme m - YacToTHas rpebeHKa N of radiation
o (rma K Frequency comb —._7_/
LleJIoe 4MCTI0). BciaencTBue 3TOro
Deoorarh Hacrota JeHCPanud S Al
— |
CBU-curHasa c marom 25 I'T1i. 3AC|ESA @1 | PD I L

B pabote [7] omTmuecKkas rpe-
OeHKa B J[MCKOBOM pe30HaTope
¢ MOII' nuamerpoMm 7,1 Mm, che-
JaHHOM M3 (QTopHUAa MarHusg
(MgF,), 6bL1a HCIIONIB30BAHA IS
reHepanuu CBY-curHasza 4acTo-
ToM 9,9 ITL c ypoBHSIMU $Ha30BOTO
myMa -60 nbu/Tu 1 -120 gbH/T1I
npu oTcTporiKax 10 I'1y u 1 KI'1L cooT-
BETCTBEHHO. YMEHbIIIeHUe JHaMe-

Puc. 3. Cxema 3kcnepumeHmanbHol YCMAHoB8KU 0As U3y4eHuUs napamempuye-
CKOU 2eHepauuu onmuYeckux 4YacmomHbix 2pebeHoK 8 pesoHamopax ¢ MLUT .
@[ - pomodemexkmop, OAC — aHaAu3amop cnekmpa onmu4ecKux CU2Hanos,
SAC - aHanu3amop cnekmpa 3AeKmpu4eckux cCUzHanos

Fig. 3. Schematic of an experimental setup for studying parametric generation

of optical frequency combs in resonators with WGMs. PD - photodetector, OSA -
optical signal spectrum analyzer, ESA - electrical signal spectrum analyzer
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Tpa pe3oHaTopa Zo 2,5 MM (2 MM)
obecrequno yBelHYeHHE YaCTOT- _ —
OHTAKTBI MUTAHHUSA 1MM | mm ——

HOTO MHTEPBAJIA MEXKAY TapMOHHU- : Power supply contacts
KaMH B rpebeHKe U IIOBBIIIEHHE / E '
YacTOThl IeHepalliM Ha BBHIXOJe
dorogerexTopa mo 28 I'T1 (35 I'T1y)
C ypoBHeM ¢asoBoro myma -120
OBH/T'1 npu oTcTporike 10 KI'L1 [8].

Hauunasa c 2007 roma reHepa-
LMl ONTHYeCKHMX YaCTOTHBIX Ipe-
beHOK ObllIa IONy4YeHa B Pe30HA-
Topax ¢ MIII, uMeoUKX GOPMBEL JlasepHSIH AHOZ
Mukpotopouza [6, 9, 10], MUKpO- [Laser diode
y3elppkoByI0  dopmy  [11,12]
U Pe30HaTOPOB APYrux GopMm, crie- Puc. 4. ViHmezpanbHble KoAblUesble pe30Hamopbl U3 HUMpuda kpemHus [24]

JIAHHBIX U3 QTOPHUAHBIX CTEKOT Fig. 4. Integrated silicon nitride ring resonators [24]
(CaF,, MgF,) [6, 9, 10, 13-15].

2. ONTO3JIEKTPOHHbIE FTEHEPATOPDI quency comb spectrum can be shifted by the frequency
HA OCHOBE UHTEIPAJIbHbIX fo, which is a measure of the coherence between the
KOJIbLUEBbIX PE3SOHATOPOB comb harmonics and shows the change in the phase

TeHepalys 4acTOTHBIX rpebeHOK Takke Bo3MoxkHa || of the optical carrier relative to the pulse envelope.
B HMHTETPa/JIbHBIX KOJBLEBBIX pe3oHaTopax (puc. 4),
BBIIIOJTHEHHBIX U3 KpeMHUS [16,17] My HUTpUAA KpeM-
Hus [18-24]. P eKTHBHOCTh YeTHIPeXBOJIHOBOIO IPO-
1eCCa 3aBUCHUT OT MOIHOCTH HAKauKH, HeJIMHEeMHOCTH -1
CHUCTEMBI, [UIMHBI B3aHMOJEHCTBUA M CTeleHH ¢aso- Haxauka j "7
BOTO CHHXPOHH3Ma KOHKPeTHBIX TapMOHHK. BbIOOp Pumping

reoMeTpud M MaTepHajla MHKpPOpe3oHaTopa oIlpe-

Jle/isieT ero pe30HaHCHBIe YacTOThI, a C/IeJ0BaTeIbHO,
M YacTOThl, KOTOpble OyAyT IeHepUpOBaTbCS B XOfe
YeThIPeXBOJIHOBOTO ITapaMeTPHYecKoro IIpolecca.

B pabote [18] OMMCBHIBAIOTCSI YaCTOTHBIE IpebeHKH,
dopmMupyoIIrecs B MUKPOPE30HATOPAX Pa3/IMYHOrO
pamMyca W3 HUTpHIA KpeMHHsS. Ha BXon MHKpope-
30HaTopa IIO[aBajioCh HEIpephiBHOEe U3Jy4eHHe
HaKaukH, a Ha ero BbIXOfle Habioganach YacTOTHAs
rpeberka (puc. 5). KonuuecTBo reHepHpyeMbIX rap-
MOHHUK M MHTEpPBaJI MEKAY HHUMHM 3aBHCE] OT paji-
yca MHKpope3oHaTopa. Tak mIg KOJIbLIA PagryCcom
58 MKM ITpH HaKadKe H3l1ydeHHeM 1557,8 HM Habiro-
Jasach reHepariys 87 rapMoHUK (pUc. 6a) B AUaIIa3oHe . 10 MKM | pm
oT 1450 HM mo 1750 HM C MHTEPBAJIOM MEXIYy COCe[- S
HUMH rapmoHuKkamMu 403 ITw. g Koablia paguycoMm b)

20 MKM ITpH HaKaudke M3TydeHHeM 1561 HM Habmona-
Nack TeHepanus 21 rapMoHUK (pHc. 6b) B AHuamasoHe Puc. 5. Mapamempuyeckas 2eHepayus onmuyeckoi
oT 1450 HM /10 1650 HM C MHTepBaJIOM MeXAy COCefl- |  2zpebeHKu 8 KoAblesom pe3oHamope (a) u u3o6paxeHue

HHUMHU rapMoHuKamu 1,17 TT'11. KOAbL,e8020 MUKPOPE30Hamopd, COenaHHOoe 3AeKmMpoHHbIM
B npyrux paboTax, IIOCBSIIEHHbIX TeHepaLluU OIITH- |  mukpockonom (6) [18]

YeCKUX YaCTOTHBIX I'PebeHOK B MHTEIPAJIbHBIX KOJbLie- Fig. 5. Parametric generation of an optical comb in a ring

BBIX MHUKPOPE30HATOpaX, YAalI0Ch IIOTY4YUTh rpebeHKHU resonator (a) and an image of a ring microcavity made by an

C WHTepPBAJIOM MeXIy rapmMoHHKaMmu 204 [T [19] electron microscope (b) [18]

u 99 ITu [23]. [y ymMeHBbIIEHUSI HUHTepBaIa MEXKAY
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Puc. 6. Cnexmpbl napamempuyeckoli 2eHepayuu onmu4eckux 4acmomHbix 2pebeHoK 8 MUKpope3oHamopax paouy-

Fig. 6. Spectra of parametric generation of optical frequency combs in microcavities with a radius of 58 pm (a)
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rapMOHHMKaMH IpebeHKH HeoOXOAMMO yBeIHYHBATh
BpeMsl 3a[iep>KKH OIITHYECKOro H3/Ty4deHHs B pe3oHa-
TOpe, a C/IefloBATe/IbHO, ero paguyc. OJHAKO yBeTryde-
HHe pa3Mepa pe30HATopa CHMKAeT IienecoobpasHOCTb
€ro HCII0/Nb30BaHUsI. B pabore [25] 6bUTH ITpeIosKeHbI
pasIUYHBlEe TOMOJIOTMH HHTETPAIBHEIX MHKpOpe-
30HATOPOB, I103BOJISIONIHE IIOYYUTh CPABHUTETBHO

Thus, the frequency of the N-th harmonic in the comb
is determined by the following expression:

vy=N-f,+f0. o))
The nonlinear properties of optical resonators with

whispering gallery modes (WGMs) have been stud-
ied for a long time [3-5]. A typical

a) b)

c) d)

U_l J 'Of=

2311y (a), 75 Ty (6), 37y (8), 25 'y, (2) [25]

25 GHz (d) [25]

;_LL/
... SN

Puc. 7. Mukpope3oHamopbl U3 HUmpuda KpemHusl, N0380As0LULLe NoAYy4UMb
yacmomHble 2pebeHKU ¢ UHMepaanamu mexoy CoceoHUMU 2apMOHUKAMU

Fig. 7. Silicon nitride microcavities allowing to obtain frequency combs with
intervals between adjacent harmonics 231 GHz (a), 75 GHz (b), 37 GHz (c),

diagram of an experimental setup
for such studies is shown in Fig. 3.
In [6], parametric generation of an
optical frequency comb in a disk
resonator with a WGM made of
calcium fluoride (CaF,) was shown.
Generation was carried out due
to the development of self-mod-
ulation instability in the cavity -
a four-wave parametric process, in
which the power from the pump
radiation is pumped into side har-
monics. An increase in the pump
power led to the cascade genera-
tion of equidistant harmonics and
the formation of a frequency comb.
The interval between the comb har-
monics was 25 GHz. Thus, in [6],
the generation of a microwave
signal at a frequency of 25 CHz
using an optical frequency comb
was demonstrated. By changing
the carrier frequency of the pump
radiation, the interval between
the harmonics in the comb was
changed. It was m-25 GHz (where
m is an integer). As a result, the
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Puc. 8. Cnexmp yacmomHol zpe6eHKU UHMezpanbHoz0 pe3oHamopa (pomo Ha 8cmaske), U320mosAeHH020 U3 HUMpUOad Kpem-
Hus (a), pazoseill Wym 2eHepamopa Ha uHMezpanbHom pesoHamope (b) [26]
Fig. 8. The spectrum of the frequency comb of an integral resonator (photo in the inset), made of silicon nitride (a), phase noise

of the generator on an integral resonator (b) [26]
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HebOIBIION KMHTepBaJ MeXIy COCeIHHMH TapMOHH-
Kamu (25 I'T1) OpHU COXpaHeHUH MUWHMATIOPHBIX pas-
MEPOB Pe30HaTOPOB.

B pabore [26] mccremoBaH reHepaTop Ha OCHOBE
MHTErpajibHOr0 pe3oHaTopa JUaMeTpPoM 2,3 MM, H3I0-
TOBJIGHHOI'O M3 HUTPHJA KpeMHHA. Ha puc. 8a moka-
3aH ero ONTHYeCKHUH CIIeKTpP, KOTOPHIM HMeeT BUJ,
rpebeHKM BOKPYI HMHTEHCHBHOM BOJHBI HaKa4KH.
J06POTHOCTh TaKOr0 pe30HATOpa COCTaBiasIa 2,2-106,
Pe30HaTOp IepexoquI B peXKUM I'eHepallil YaCTOTHOU
rpebeHKH IIPY MOIIHOCTH ONTHYECKOr0 H3/ydeHUs
35 MBT. Ha pucyHke 8b moxasan ¢asosbiri mym CBY-
CHUTHaja Ha yacTtoTe 19,6 I'T1I.

3. ONTOS/IEKTPOHHbIN FEHEPATOP

HA UMMYJIbCHbIX JIASEPAX

C CUHXPOHU3ALIMEN MO,
Vcrionb30BaHHe MMIIY/IbCHBIX JIa3€POB C CHHXPOHM3a-
LIFied MOZ, II03BOJISIeT IO/IYYUTh CBEPXKOPOTKHE OIITH-
YecKHe HMITY/IbChl C YaCTOTOM IIOBTOpPEeHHS IOpsSaKa
f;=0,1-10 I'T. CHeKTp TaKUX HMIIY/IbCOB IIPeNCTaB-
7sieT cobor YaCTOTHYIO IpebeHKY C MHTEPBAJIOM MeKIy
rapMOHHKAaMH PaBHOH f,. Tak B pabote [27] mcromns-
3yeTCsl MMIIY/IBCHBIM JIa3ep C CHMHXPOHH3ALHel MOJ,
IS TeHepallUH BBICOKOCTAOMIBPHBIX KoaebaHUH
CBY-mmamasona (puc. 9). sl reHepalluu 4acTOTHOM
rpebeHKHN HCIIONb3YeTCSI THUTAH-CAIIQUPOBBIN JIa3ep
C CMHXPOHM3alluell MoJl, KOTOpBIK reHepHUpOBaJl OIITH-
YecKHe MMITY/IbChI C YaCTOTOU IoBTopeHwus 1 ITH. IIpu
JNeTeKTUPOBAHUK TaKHUX ONTHYeCKHUX HMIIYIbCOB
Ha BBIXOZle $oTOo/eTeKTOpa 0bpasyeTcst MMOCIe0BaTeNIb
HOCTb JIeKTPHUYECKUX HMIIY/IbCOB, CIIEKTP KOTOPBIX
IIpencTaBiseT coboll HabOp 3KBHUAMCTAHTHBIX YaCTOT
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frequency of generation of the microwave signal was
changed with a step of 25 CHz.

In [7], an optical comb in a 7.1 mm WCM disk reso-
nator made of magnesium fluoride (MgF,) was used to
generate a 9.9 GHz microwave signal with phase noise
levels of -60 dBc/Hz and -120 dBc/Hz at offsets of 10 Hz
and 1 kHz, respectively. Reducing the resonator diam-
eter to 2.5 mm (2 mm) provided an increase in the fre-
quency interval between harmonics in the comb and
an increase in the generation frequency at the photo-
detector output to 28 GHz (35 GHz) with a phase noise
level of -120 dBc/Hz at 10 kHz offset [8].

Since 2007, the generation of optical frequency
combs has been obtained in resonators with WGMs hav-
ing the shape of a microtoroid [6, 9, 10], a microbub-
ble shape [11, 12] and resonators of other shapes made
of fluoride glasses (CaF,, MgF,) [6, 9, 10, 13-15]

2. OPTOELECTRONIC OSCILLATORS BASED
ON INTEGRAL RING RESONATORS

Generation of frequency combs is also possible in inte-
gral ring resonators (Fig. 4) made of silicon [16, 17] or
silicon nitride [18-24]. The efficiency of a four-wave
process depends on the pump power, system nonlin-
earity, interaction length, and phase matching of
specific harmonics. The choice of the geometry and
material of the microcavity determines its resonant
frequencies and, consequently, the frequencies that
will be generated during the four-wave parametric
process.

The work [18] describes frequency combs formed in
silicon nitride microcavities of different radii. Contin-
uous pump radiation was applied to the input of the
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¢ uHTepBajioM 1 ITiI. 3aTeM HOpH ITOMOIIM I10JIOCHO-
IIPOIIYCKAIOMIero (UAbTPa BBHIAENAETCA TapMOHHMKA
yactoToH 10 ['T1I.

3a c4eT (a3o0BOM CHHXPOHH3ALMHK OITHYECKOM
rpebeHKH C OMOPHBIM H3/TyuyeHHEeM Jia3epa BBICOKas
CTabUJIBHOCTD J1a3€PHOTO M3/Iy4eHHS IIePeHOCHUTCS
Ha ONTHUYeCKHe WMIIY/IbChI, a 3aTeM W Ha JeTeKTHPY-
eMYI0 I10C/IeJOBATeIbHOCTh 3/IEKTPUYECKUX HMIIY/Ib-
COB. B Takom ciy4ae cybreprioBasi HMIMPHHA CIIeK-
TPJIBHOU JIMHHUH OIOPHOIO JIa3epPHOTO H3/Iy4eHHSs
IIEPEHOCUTCS B MHKPOT€pPLIOBYIO IIHMPUHY CIIEKTPasib-
HoW nuHUU CBY-curHana. B pabote [27] reHepupye-
MBIH CUTHaI 06/1a1a/l PeKOPAHO HU3KUM BpeMeHHBIM
IoruTepoM 0,76 GC M KpPaTKOBpPeMEHHOM HeCTabuib-
HOCTBIO OKO/o 8-107° 3a 1 cexyHAy. Pa3oBBIM MIyM
coctaBu -104 nBH /T u -157 n1BH /'L OpH OTCTPOMKAX

)4

microcavity, and a frequency comb was observed at
its output (Fig. 5). The number of generated harmon-
ics and the interval between them depended on the
radius of the microcavity. So for a ring with a radius
of 58 pm, when pumped with 1557.8 nm radiation,
the generation of 87 harmonics was observed (Figure
6 (@) in the range from 1450 nm to 1750 nm, with
an interval between adjacent harmonics of 403 CHz.
For a ring with a radius of 20 pm when pumped with
1561 nm radiation, the generation of 21 harmonics
was observed (Fig. 6 b) in the range from 1450 nm to
1650 nm, with an interval between adjacent harmon-
ics of 1.17 THz.

In other works devoted to the generation of optical
frequency combs in integrated ring microcavities, it
was possible to obtain combs with a harmonic inter-
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Puc. 9. Cxema 2eHepamopa Ha UMNYAbCHbIX Ad3epax C CUHXpOHU3auuel mod [27]
Fig. 9. Schematic of a generator based on pulsed lasers with mode locking [27]
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1T 1 1 MI'1T COOTBETCTBEHHO. [IJIsT H3MEpPeHHUs XapaK-
TEPUCTHK TaKHX TeHepaTopoB OblIa CKOHCTPYHPOBAHA
cxeMa, IIOKa3aHHas Ha pHUC. 9. HegocTaTKoM OIIHCaH-
HOI'O TeHepaTopa SB/SETCS ero OTHOCUTEIbHO 60mb-
IIKe pa3sMepsl U BO3MOXKHOCTb HCIIO/Ib30BAHHS TOJIBKO
B 71a60PaTOPHBIX YCIOBHUSIX.

PaboTa YacTH4YHO MoOAAepkaHa MUHHUCTep-
CTBOM HayKH M BbIclIero obpasoBaHus Poccuii-
ckonl depmepauny (mpoekT «[oc3afaHue», TPaHT
Ne FSEE-2020-0005).

B caedyrowieil uacmu 0630pa 6ydym paccmompeHbl onmosnek-
mpoHHble CBU-2eHepamopel, c030aHHble HA OCHOBE AKMUBHbIX
KOAbLIeBbIX Pe30HAHCHBIX CUCMeM, 4 MAKsKe nposedeHo conocmas-
AeHue (Pa30sbix WyMO8 0MMOINEKMPOHHbIX 2eHepamopos pasauL-
HbIX MUMO08.
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val of 204 CHz [19] and 99 CHz [23]. To decrease the
interval between the comb harmonics, it is necessary
to increase the delay time of the optical radiation in
the cavity, and, consequently, its radius. However,
an increase in the size of the resonator reduces the
feasibility of its use. In [25], various topologies of inte-
grated microcavities were proposed, which make it
possible to obtain a relatively small interval between
adjacent harmonics (25 GHz) while maintaining the
miniature dimensions of the resonators.

In [26], a generator based on an integral resonator
with a diameter of 2.3 mm, made of silicon nitride,
was investigated. Figure 8 (a) shows its optical spec-
trum, which looks like a comb around the intense
pump wave. The Q factor of such a resonator was
2.2-106. The resonator switched to the frequency comb
generation mode at an optical radiation power of
35 mW. Fig. 8 (b) shows the phase noise of a micro-
wave signal at a frequency of 19.6 GHz.

3. OPTOELECTRONIC OSCILLATOR BASED
ON PULSED LASERS WITH MODE
SYNCHRONIZATION

The use of mode-locked pulsed lasers makes it pos-
sible to obtain ultrashort optical pulses with a repeti-
tion rate of the order of f,~0.1-10 GHz. The spectrum
of such pulses is a frequency comb with an inter-
val between harmonics equal to f,. So in work [27],
a pulsed laser with mode locking is used to generate
highly stable oscillations in the microwave range (Fig.
9). A mode-locked titanium-sapphire laser is used to
generate a frequency comb, which generates optical
pulses with a repetition rate of 1 CHz. When detecting
such optical pulses, a sequence of electrical pulses is
formed at the output of the photodetector, the spec-
trum of which is a set of equidistant frequencies with
an interval of 1 GHz. Then, using a band pass filter,
the 10 GHz harmonic is isolated.

Due to the phase locking of the optical comb with
the reference laser radiation, the high stability of the
laser radiation is transferred to the optical pulses, and
then to the detected sequence of electrical pulses. In
such a case, the subhertz line width of the reference
laser light is transferred to the microhertz line width
of the microwave signal. In [27], the generated signal
had a record low temporal jitter of 0.76 fs and a short-
term instability of about 8-107'¢ per second. The phase
noise was -104 dBc/Hz and -157 dBc/Hz, at 1 Hz and 1
MHz offsets, respectively. To measure the characteris-
tics of such generators, the circuit shown in Fig. 9 was
designed. The disadvantage of the described generator
is its relatively large size and the possibility of using it
only in laboratory conditions.
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