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BrnepBble NpoAeMOHCTPUPOBAHO CylLecTBeHHoe
BANSHUE naccuBHom (T. e. 6e3 4ONONHUTE/IbHOI O
ycuneHus) ontuyeckomn o6paTHom CcBS3un
Ha KOJINYeCTBO CreKTpasbHbIX KOMMNOHEHT
BbIXOA4HOro curHana ¢asosoro CBY
MHTerpasbHO-ONMTUYECKOro MoaynsTopa.
BbisiB/IeHbl YC1OBUS, MPU KOTOPbIX KOJINYECTBO
[OMNOJ/IHUTE/IbHbIX CNEeKTPa/ibHbIX KOMMOHEHT
yBe/IMYNBaeTCs BNJIOTb A0 2% 20 T,
a nepekpbiBaeMblii UMW CNeKTPabHbIN
AnanasoH gocturaetr 69 Imruy.

MpennoXXeHo NCMNOb30BaThb AAHHbIN
3¢ deKkT ANng yBennyeH1Us CKopocTu nepeaaym
KBAHTOBOrO KJ/1l04a, a TaKXe A1 paclinpeHuns
$YHKLMOHAIbHBIX BO3MO)XXHOCTEN ONTUYECKUX
CUCTEM CBSI3U, NCMNOJIb3YIOLWUX CNEeKTpaibHoe
ynnoTHeHue (DWDM).
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BBEAEHUE

B mpemsigymein crtatbe [1] MBI ommcanum CBY
VMHTeTpaJlbHO-ONITUYeCKHe MOJY/ISATOPEl, KOTOpBIe
6bUH pa3paboTaHbl HAMU IJISI CHCTEM KBAaHTOBBIX
KOMMYHUKAIIUI, HCIIOJB3YIOMIMNX TeXHOJIOTHIO IIepe-
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INTRODUCTION

In a previous article [1], we described microwave inte-
grated optical modulators that we developed for quan-
tum communication systems [2]. We have developed
both types of high-quality modulators: phase (FM) and
amplitude (AM). According to the algorithm, a pair of
side frequencies that occur during phase modulation at
frequency F of the optical carrier at frequency fis usually
used to transmit a quantum key. The FM modulator is
used for this purpose. The AM modulator provides input
of the transmitted information, i.e. the code itself. One
of the main tasks from the point of view of applications
is to increase the transmission speed of the quantum
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Jauyy KBAaHTOBOLO K/IKYa Ha OOKOBBIX YacToTax [2].
Hamu paspaboraHsl oba THIIa MOZAYISTOPoB: daso-
BoIM (PM) M aMIUIMTYyOHBIM (AM) BBICOKOTO Kade-
crBa. CoOrjacHO aJIrOpuTMy PaboTBl [JIsi Iepefadu
KBAHTOBOTO K/IIOYa, KaK IIPaBHJIO, HCIIONB3YIOTCS
mapa 60KkoBBIX 4acToT f+F, BO3HUKAIONUX IIpU da3o-
BOM MOJY/ISILIMU Ha 4acToTe F ONTH4YeCKOH Hecyllen
Ha 4yacTore f. [l 3Toro ucrosne3yercss ®M-MonynsTop.
AM-mopynsaTop obecrieunBaeT BBOJ, IlepefaBaeMOH
HUHOpMaALIMHU, T.e. CAMOI0 KOJa.

OIHOM M3 IVIaBHBIX 33ja4 C TOYKHU 3peHUs [IPaKTH-
YeCKUX IPUMEeHeHUH SIB/ISIeTCS IIOBBIIIeH e CKOPOCTH
Iepefayvy KBAHTOBOIO KiIfo4a. O4YeBHHO, YTO IIOBBI-
CUTb CKOPOCTH IIepefady KBAHTOBOI'O KIYa MOXKHO,
YBEJIMYUB KOJTHYECTBO FeHEePUPYeMBIX I1ap GOKOBBIX
yactoT ftNxF, N=1,2,3....

B maHHOI paboTe MBI ITPOJEMOHCTPHUPYEM IIPOCTYIO
1 30PeKTUBHYIO METOAUKY YBeJIIMYeHHs Iap H0KOBBIX
yacToT 6e3 HCIIONb30BaHUSA HOIIOJHUTEIBHOIO OIITH-
YeCKOIo YCHIHUTES.

NCMOJIb3OBAHUE OBPATHOM CBA3U

and reEHEPALUNUN HABOPA MNMAP BOKOBbIX
YACTOT

Hes KCIIONb30BaHUS 0OpAaTHOM CBSI3M (KaK 3JIeKTPH-
YeCKOM, TaK U OIITHYecKoHr) B KombuHanuu c CBY
ONTHUYeCKUM MOAYyISITOpoM 6blIa IIpeasioskeHa
emé B 90-e roapl IIPOIJIOro BeKa [3-6]. M3nydeHue
OT JIa3epHOT'0 UCTOYHMKA BBOJHJIOCH B KOJIBLI€BOH BOJI-
HOBOIHBIM PE30HATOP, B KOTOPOM MHOTOKPATHO ITpPO-
XOIIMJIO Yepe3 MOAYJISTOP K YCHJIUTENb, II0CIe Yero
YacTh U3/TydeHHs [I0I1ajala Ha ONTHYeCKUN aHaIK3a-
TOp CIeKkTpa U doToamof, [3].

Kak BUIHO Ha pucC. 1a, B KayecTBe 37IeMeHTa BBOJa-
BBIBOJIA B Pe30HATOpe Ipejaraaoch HCII0Ib30BaTh
X-cBeTomenuTenb (menmuTends 2 Ha 2). HuskHHe BXO[,
Y BBIXOJI, CBETOZIeNIUTEJISl HCIIO0/Ib3YIOTCS ISl CO3LAHUS
IeTIH OOPAaTHOM CBSI3M, BEPXHUE BBIXOJI HCIIOIb30-
BJICS IJ1s1 BBIBOJA M3/1ydeHUs. [loc/e BEIBOAA H3/IyUe-
HMS M3 BOJTHOBOJHOM MET/JIM OHO JO/IKHO II0JABaThCS
Ha ellle OAWH Je/IUTeslb, OTKY/a HAaIIPaB/seTCs Ha aHa-
JIM3aTOP CIIeKTpa U Ha dotonuon. CUrHAI C IOCTIeN-
Hero IIOJAeTCs B IeKTPOHHBIM OJI0K yIIpaBieHHUs
MOAYJISITOPOM, IZie HCIIONB3YeTCsS IJIsl IIOACTPOMKH
IIeT/IH He TojabKo s CBY, HO U O/ OITHYECKOro
pe3oHaHca. 3afadya BOJIOKOHHOIO YCHJIHUTENSI — CKOM-
IIeHCUPOBATh IIOTepPHU B IIeT/Ie, BKJIIOYASI OTBOZ, YaCTHU
3HEepruu Ha Jenutene. Ha puc. 1b mokasaHsl 4acToT-
Hble IpebeHKM, IIOTy4YeHHBbIe B pe3yJbTaTe PacdeTos,
IUISL Pa3luYHBIX KO3QOHUIIMEHTOB YCHJIEHHS IIeTIH
pe3oHaTopa.

JlanbHEHIIIe OIBITHI C KMCIOJb30BaHHEM aHajo-
TUYHON CcXeMBbI (pHC. 2a) ITO3BOJIKUIM IIOKPBITH bosee

key. Obviously, it is possible to increase the transmis-
sion speed of the quantum key by increasing the num-
ber of generated side frequency pairs, N=1, 2, 3 ....

In this paper, we will demonstrate a simple and
effective method for increasing side frequency pairs
without using an additional optical amplifier.

FEEDBACK USE TO EXPAND
FUNCTIONAL CAPABILITIES
The idea of using feedback (both electrical and optical) in
combination with a microwave optical modulator was
proposed back in the 90s of the last century [3-6]. Radia-
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c8ema npu pasHbix Ko3pduuueHmax ycuneHus koHmypa [3]
Fig. 1. a) the frequency comb generator circuit; b) calculated
Fourier expansion coefficients for the output light at different
loop gains [3]

PHOTONICS VOL. 14 N272020 g7



i g

IMHPOKHUI CIeKTPaAbHBIM HMHTEepPBal YaCTOTHOH
rpebeHKor 0osee pPaBHOMEPHON HMHTEHCHBHOCTH
(puc. 2b) [4].

JIpyTUM HHTepecHBIM cCII0CO6OM co3maHus ob6part-
HOM CBSI3U OBLIO IIpeBpallleHHe MOAY/ISTOPA B pe3o-
HaTop ®abpu-Ilepo MyTéM IOMEIIEHUS ero MeXKAY
OpSITOBCKUX 3epKajl, OTPa’KAIOIIUX 4YacThb OOKOBBIX
CIIeKTPa/IbHBIX JIMHUH C OJHOM U3 CTOPOH OT OITHYe-
CKOM HecymleH [5-7]. B HeKOTOPBIX TAKMX CXeMaX TaKKe
HCIIO/Ib30BAIMCh YCHUIHUTEIW BHYTPH pe30HATOpA,
II03BOJIUBINHE MJOOUTBCS IIOSIBIIEHUS HECKOJIBKUX
TOIIONHUTE/IBHBIX CIIeKTPAJbHBIX ITHKOB C HCIIONb30-
BaHMeM OJHOIIOPTOBOro ¢pasoBoro Moxyusropa [5].

Ha puc. 3a mokasaHa cxema 3KCIIepHMeHTa C 6par-
FOBCKMMHU 3epKajaMH. $a30BbI MOAYISTOP IOMe-
IeH MeXKAy 6p3rroBCKUMU 3epKajlaMH, B pe3y/ibTaTe
Yero M BO3HHUKaeT obpaTHasi CBSA3b U ITPOHCXOAUT
reHeparnus 60KoBbIX 4acToT (puc. 3b).

BakHO 0OpaTUTh BHHMaHMe, YTO HCII0/Nb30BaHHE
yCUJIMTeNlel BHYTPU pPe30HaTopa IIPUBOAUT K TOMY,
YTO ONTHMYECKUH IIyM Ha COOCTBEHHBIX 4YaCTOTax
HauWHaeT YCHUIHBATBCS M BPeAUT Ka4deCTBY JHHUI
rpebenku [3]. KMeHHO I103TOMy HHTepecHee 65110 OBl
06paTUTh BHUMaHHe Ha MCCIeOBaHUS cxeM 6e3 ycH-
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tion from a laser source was introduced into a ring wave-
guide resonator, in which it repeatedly passed through
a modulator and an amplifier, after which a part of
the radiation fell on an optical spectrum analyzer and
a photodiode [3].

As seen in Fig. 1a, it was proposed to use an X-beam
splitter (divider 2 by 2) as an input-output element in the
resonator. The lower input and output of the beam split-
ter are used to create a feedback loop, the upper output is
used to output radiation. After radiation is removed from
the waveguide loop, it must be fed to another divider,
from where it is directed to the spectrum analyzer and
to the photodiode. The signal from the latter is fed to
the electronic control unit of the modulator, where it is
used to adjust the loop not only for microwave, but also
for optical resonance. The task of the fiber amplifier is to
compensate for losses in the loop, including the removal
of some of the energy at the divider. Fig. 1b shows the

(111D

Input Output

(- D

1 2

a)
-10
&
M
<
X
()
g -0 |
& \
o
=
i5]
o
e}
=70
| | |
1552 1554 1560
b) Wavelength, nm

Puc. 2. a) cxema 3kcnepumerma, 1—- onmuueckutl ycuaumens,
2 - CBY-modyasmop; b) ebixodHoli cnexmp [4]

Fig. 2. a): experimental design. 1- optical amplifier,

2 - RF-modulator; b) output spectrum [4]

FBG Er.LN FBG

{1 R ]
[ ]

10 GHz Band
Resonant Type
Modulator

O

Signal Generator
f=10 CHz Band

WDM
Coupler

Tunable LD [| EDFA PC

A=1500-1580 nm

Pump LD

)\p=1480 nm

Spectrum
Analyzer

Photo
Diode

RF Spectrum
Analyzer

a)

w/o FBGs 0
+— with FBGs

— with FBGs+ A 9)
Pump at 200mW

-20

Power, dBm
A
o

|
(e
o

80 - Reflection Band of FBGs

! ! | ! ! ! ! ! ! !
1549,75 1540,00 1550,25 1550,50 1550,75

Wavelength, nm

1549,50

b)

Puc. 3.a) cxema 3kcnepumerma; b) 8bixodHoli cnekmp [5]
Fig. 3. Method for creating feedback using Bragg mirrors:
a) experimental scheme; b) output spectrum [5]

572 ®OTOHUKA TOM 14 N2 72020



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
BN QUANTUM TECHNOLOGIES
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

neHus [6, 7]. B HHX TakKe HCIIONB3YIOTCS Op3rros-
CKHe 3epKaJia, B CBSI3H C YeM II0/Iy4YaBIIHecs 4acToT-
Hble IrpebeHKH NPHOOpeTaIy CIIEeKTPAIBHBIN IIPOBaJl
IIMPUHOI B HECKOJIBKO ITUKOB [6].

Ha puc. 4a mokasaHa cxeMma 3KcIleprMeHTa be3
HCII0/Ib30BAHUSI YCUIUTeNs. 3Mech 371eKTPUYeCKUU
CBY-curHal IoJaeTcs Ha JBa JIeKTPHUYeCKHUX BXoJa
da3zoBoro mopynasaTOpa 4epes LIUPKYISATOp U LeIH-
Te/lb MOINHOCTHU. CaM MOZYJIATOP MOMeIeH MeXKIYy
OpSITOBCKMMMU 3epKallaMU. B pesynbraTe IIPOMCXOAUT
MOZIYJISILIMS MPSIMOM M OOPAaTHOM OITHYECKHUX BOJIH
3/IeKTPUUECKUMU CHTHa/JaMH (ABYHaIlpaBleHHas
Hakauka). Ha puc. 4b rokasaH BBIXOZHOM CIIEKTP IIPU
IBYHAITPaBJIeHHON HaKa4dke, B KOTOpoM Habiiopma-
eTCs MPOoBaJI, 0OOYyCIOBIEHHBIH II0JIOCOM OTPasKeHUS
3epKall.

I KOMIIeHCAallMK 3TOTO IIPOBajla B HEKOTOPBIX
IKCIIEPUMEHTAaX B ONTHYECKUN KaHal LobaBisics
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Fig. 4. Experiment without using an amplifier: a) experimental
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=

calculated frequency combs for different resonator loop
gains.

Further experiments using a similar scheme (Fig. 2a)
made it possible to cover a wider spectral interval
with a frequency comb of more uniform intensity (Fig.
2b) [4].

Another interesting way of creating feedback was con-
verting the modulator into a Fabry-Perot cavity by placing
it between Bragg mirrors that reflect part of the side spec-
tral lines on one side of the optical carrier [5-7]. Some of
these schemes also used in-resonator amplifiers, which
allowed for the appearance of several additional spectral
peaks using a single-port phase modulator [5].

The scheme of the experiment with Bragg mirrors is
shown in Fig. 3a. The phase modulator is placed between
the Bragg mirrors, as a result of which feedback occurs
and side frequencies are generated (Fig. 3b).

It is important to note that the use of amplifiers inside
the cavity leads to the fact that the optical noise at natural
frequencies begins to amplify and harms the quality of
the comb lines [3]. That is why it would be more interest-
ing to consider the results of operation of circuits without
amplification [6, 7]. They also use Bragg mirrors. In this
regard, the resulting frequency combs acquired a spectral
dip with a width of several peaks [6].

The diagram of the experiment without using an
amplifier is shown in Fig. 4a. Here, an electrical micro-
wave signal is fed to two electrical inputs of the phase
modulator through a circulator and a power divider. The
modulator itself is placed between the Bragg mirrors. As
a result, the forward and backward optical waves are
modulated by electrical signals (bidirectional pumping).
Fig. 4b shows the output spectrum with bidirectional
pumping with a dip due to the reflection band of the
mirrors. To compensate for this dip, in some experi-
ments, a fiber-optic erbium amplifier was added to the
optical channel, which was already located outside the
cavity [7].

Fig. 5a shows a diagram of an experiment with an
amplifier. The phase modulator is placed between the
Bragg filters, and the amplifiers are located in front of the
feedback lines (in front of the polarization controller) and
behind it (immediately after the second filter). Fig. 5b
shows the output spectrum: the dashed line indicates the
unmodulated signal, the solid line indicates the modu-
lated signal.

It can also be noted that these studies used two-port
phase modulators that effectively interact with light
regardless of the direction of the beam path.

All the schemes discussed above were used to obtain
optical frequency combs. However, this problem was
and is being solved now in other ways, we will also
consider them. One of the solutions is the use of an
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BOJIOKOHHO-OIITHYeCKUI 3pOHeBBIN YCHUIHUTEIb YKe
BHe pe3oHaropa [7].

Ha puc. 5a moxkasaHa cxema 3KCIIePHUMeHTa C yCH-
nuTeneM. $asoBbIH MOAYISATOP IIOMeIIeH MeXIy 6par-
FOBCKMMH QUIIBTPAMU, a YCHIMTEIH PaCIIONaraloTcs
nepesi TMHUN o06paTHOM CBSI3U (Ilepefi KOHTPOJIIEPOM
[IO/IIPHU3aLiM1) U 33 HeH (HeIloCpeICTBeHHO I10C/Ie BTO-
poro ¢uneTpa). Ha prc. 5b moKa3aH BBIXOAHOH CIIEKTP:
IIYHKTHPOM 0003HaueH HeMOAYIHPOBAaHHBIM CUTHAI,
CILJIOLIHOM JIMHHEM ~ IPOMOJY/IHPOBAHHBIM .

Taoke MOXKHO OTMETHTb, YTO B 3THX HCC/IeJOBa-
HUSIX HCII0/Ib30BA/IMCh ABYXIIOPTOBbIe da30Bble MOLY-
naTopel, 3GPeKTUBHO B3aHMOJELCTBYIOIIHE CO CBe-
TOM He3aBHCHMO OT HallpaBJeHHUs
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electro-optical oscillator [8]: a system consisting of an
electro-optical modulator, a beam splitter that removes
part of the radiation through a light filter to a photo-
diode, an electronic amplification and filtering system,
and a microwave divider that returns a part of the pro-
cessed signal from the photodiode to the electronic input
of the modulator [9]. Even in the original idea with the
selection of one frequency on the photodetector after the
RF amplifier on the modulator, higher-order harmonics
can naturally arise. When several side frequencies return
to the electronic feedback, the system modulates each of
them. This significantly increases the number of spectral
peaks.

X0fa my4eH.
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BbIPaBHHBAaHHUS HHTEHCHBHOCTH €T0 BBIXOAHOTO CIIeK-
Tpa [10] (naest ocHOBaHA Ha BO3MOXKHOCTH IIOZCTPO-
KOU [JIHHBL IUIed HMHTepdepomeTpa Maxa-lleHzmepa
YyMeHBIIATh I10 HeOOXOAMMOCTH HHTEHCHUBHOCTD YeT-
HBIX JINOO HeueTHBIX IapMOHHK). OJIHAKO TOJIBKO
BBIPAaBHUBAHUS CIIeKTpPa He JOCTaTOYHO - HeobXo-
OUMO ellle MOAYYUTh JOCTAaTOYHO OOJbIIOe KOJIHYe-
CTBO ITHMKOB I'PebeHKH.

s pelleHHs 3TOM 3afladyM MCIIOJb30BaJIMCh
KacKkaasl MoayasTopoB [11-14]. B mpocTeriiiem Bapu-
aHTe CBeT IIPOXOAM/I CHadaraa aMIUIMTYJHBIM MOIY-
NSITOP, a IoToM $a3oBeli [11]. B 6o/iee CIOSKHBIX OIbI-
TaX, eMOHCTPHPOBABIIKX O0/lee POBHBIE U HIMPOKUE
rpebeHKH, Kacka/ U3 ABYX MOAY/STOPOB JOIOIHSIICS
elle OJHHUM: aMIUIMTYJHBIM Ha BXofe KacKaga [12]
uiu $asoBbIM Ha BbIxofe [13]. IlepBBIM M3 3THX
KaCKaJO0B [eMOHCTPHUPOBaN 6O0JbIIyI0 IIUPHUHY TIpe-
OeHKH, HO MEHBINYI0 MHTEHCUBHOCTb KasKIOI0 ITHKa.
B CBsI3M C 3THUM [Ja/ibHeHllee yBelH4YeHHe YHCIA
MOZY/ISITOPOB HCCIe0BaoCh TONBKO I/ $a30oBbIX
YCTPOMCTB: B OIBITaX C KacKaZoM M3 Tpex (a3oBbIX
MOAY/ISITOPOB C OOHUM aMIUIMTYJHBIM Ha BBIXOJeE
6p110 TonydyeHO 6osee 70 CHEKTPANIbHBIX JTHHUM
B npepenax -10 A5 OTHOCHUTeNBHO BXOAHOU MOILIHO-
ctu (14] (puc. 6).

Ha puc. 6 mpuBefeH BBIXOGHOH CIIeKTp IIpH
HCITO/Ib30BAaHUM KacCKaZla MOAYIATOPOB, COCTOSIIIEro
U3 Tpex $a3oBBIX U OGHOIO AMIUIMTYLHOIO: CBEpXY
BHHU3 - 73, 65 1 63 IMHHUU COOTBETCTBEHHO.

Taxoke HMHTepeCHBIM HallpaB/leHHeM MCCIeloBa-
HUIH SIBJISIIOTCS [IJIEHOYHbIe MOAY/ISTOPbI Ha HHobaTe
autug [15-17]. Hcnonb3oBaHHe

=

Another method for obtaining frequency combs is
based on the possibility, with a certain selection of the
control voltage, to use a Mach-Zehnder modulator to
equalize the intensity of its output spectrum [10]. This
idea is based on the possibility of adjusting the length of
the arms of the Mach-Zehnder interferometer to reduce,
if necessary, the intensity of even or odd harmonics.
However, using only the spectrum equalization procedure
is not enough - it is still necessary to obtain a sufficiently
large number of comb peaks.

To solve this problem, modulator cascades were
used [11-14]. In the simplest version, the light first passed
through an amplitude modulator and then a phase
one [11]. In more complex experiments, which demon-
strated smoother and wider combs, a cascade of two mod-
ulators was supplemented by one more: an amplitude
one at the input of the stage [12] or a phase one at the out-
put [13]. The first of these cascades showed a wider ridge,
but less intensity for each peak. In this regard, a further
increase in the number of modulators was studied only
for phase devices: in experiments with a cascade of three
phase modulators with one amplitude modulator at the
output, more than 70 spectral lines were obtained within

-10 dB relative to the input power [14] (Fig. 6). Fig. 6 shows
the output spectrum when using a cascade of modulators,
consisting of three phase and one amplitude: from top to
bottom: 73, 65 and 63 lines, respectively.

Another interesting area of research is lithium niobate
film modulators [15-17]. The use of thin strip waveguides
obtained by electron-beam lithography makes it pos-
sible to localize the light field in a much smaller section
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Fig. 6. Output spectrum at different modulation frequencies [14]
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Puc. 7. a) cxema modyasmopa; b) Habaodaembiil (KpacHblil) u meopemuyecku paccHumarHbil (CuHuli) 8bixodHol cnexkmp [15]
Fig. 7. Film modulator: a) modulator circuit; b) observed (red) and theoretically calculated (blue) output spectrum [15]

Ha pumc. 7a mnpuBemeHa cxemMa MoOAyIsATopa, || of the waveguide than when using traditional diffusion
Ha puC. 7b - m3MepeHHHIN (KpacHBIF) U TeopeTrude- || technology. This makes it possible to reduce the distance
CKUH (CHHUI) BBIXOIHBIE CIIEKTPHL. between the traveling wave electrodes. In addition, there

Kpome Toro, 3Ta ke TeXHOJIOTHSI I103BO/IsieT mony- || are technologies for placing such a waveguide not under
YaTh MHTErpajbHO-ONTHYECKHe
KOJIbIIeBble Pe30HATOPHl KparHe
BBICOKOHM [10OPOTHOCTH, KOTOpBIe . o
camu 1o cebe MOTYT BBICTYIATh — 3
HCTOYHHUKAMHU YaCTOTHBHIX rpebe- N eﬁ
HOK 3a cueT 3¢ dekTta Keppa [16, 18] <
(puc. 8). » d

Ha pmuc. 8a m3obpaskeHa cxema s
3KCIIEPHMeHTa: B BOJTOKOHHBIM
KOJIBLIEBOM Pe30HATOp IIOMeIleH
PEKeKTOPHBIM QUIBTP H3 BOJIO-
KOHHOHM Op3rroBCKOM pelIeTKH.
3a cueT pe3oHATOpa IPU OC/IA-
671eHHMH OCHOBHOM YaCTOTHI IIPO-
HMCXONUT IIepeKadyKa >HEepPTHHU
B 6oKoBBle YacToTHl (puc. 8b).
YhopasieHWe I[ePHOJOM YaCTOT-
HOM  rpebeHKHM  ITPOUCXOIUT
33 CUeT BHECEHMS PaCCTPOMKH
MeXIy YacTOTOM HaKadK{ pe3o-
HATOpa W IapaMeTpaMH QHIBTPA: | L
M3MeHeHHe YaCTOThl HaKauKHU -4 = 0 2 - -2 0 2 4
6e3 M3MeHeHHUs LeHTPaJIbHOU R Frequency (THz) Frequency (THz)
4acToTel  QUIBTPA  TPHBOAUT Puc. 8. a) cxema 3xcnepumenma; b) usmepenHbili (caesa) u pacdemnbiii (cnpasa)
K COBUTY CIEKTPAJIBHBIX KOMIIO- 8bIX00HOU cnexmp [18]

HEeHT BBICIIMX ITOPSIIKOB.
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Fig. 8. Integrated optical ring resonators: a) experimental scheme; b) measured

OnHAKO BO3MOXHO K COBMe- (left) and calculated (right) output spectrum [18]
IeHue OIIHMCaHHBIX Bbinle CBY-
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MOZY/IATOpPa M HHTEIPa/IbHOIO KOJIbLIEBOIO pe30Ha-
TOpa, Jalllee XOTb M MeHee IIHPOKyI0, HO 6osee
poBHYyI0 rpebeHKky [17] (puc. 9).

Ha puc. 9a mpuBefeHa cxeMa MoAyasiTopa (dep-
HBIM H300pasKeHBI OIITHYECKHE BOTTHOBOABI, SKEJITBIM ~
3/IeKTPOfBI), Ha pUC. 9b IIpUBeeH BBIXOJHOM CIIEKTP —
6onee 900 TUHUM.

Kak moxasajl IpOBefIéHHBIM HaMHK aHalIH3 JIHATe-
PaTyphl, OOCTaTOYHO XOPOIIO HKCC/IeNOBAaHBI CXeMBbI
ONTHYeCKOM TreHepauuu rpebeHuartoi (comb) ¢yHK-
LMK, KOTOpEIe cofepskaT CBY oNTHYeCKUE MOLYISTOP
Y IIeT/II0 OIITHYecKor o6paTHOM CBSI3U, COHEPSKALIYIO
ONTHYeCKHH YCUIUTeNb. HaluuKe ONTHYeCKOIO yCH-
JIATe/Id B TAKUX CXeMaX [IPUBOJUT K 3aMeTHOMY Hera-
TUBHOMY BIHSHHIO COOCTBEHHBIX IIYMOB Ha GOPMHU-
poBaHMe ITpoduIst rpebeHYaTON QYHKIHH.

BakHO 06paTHTh BHUMAHHE, YTO C TOYKU 3PeHHUS
KBaHTOBBIX CHCTEM CBSI3HM CAMBIM IJIABHBIM HeJOCTaT-
KOM OIIMCBIBAaeMBbIX CXeM SBJISIeTCS HaJIM4uHe OITH-
yeckoro ycunutens. CormacHo «Teopeme KaoHHPO-
BaHMS» [19] KBaHTBI CBeTa HEBO3MOYKHO KOIIMPOBATb,
a (JIe0BaTe/IbHO, ¥ YCUIMBATh. ITO 3HAYMT, YTO pac-

i g

the electrodes, but between them. All this makes it pos-
sible to achieve huge modulating field strengths in the
region of the waveguide, and hence effective modulation
with a large number of higher-order harmonics [15] (Fig.
7). Fig. 7a shows a schematic of the modulator, Fig. 7b
shows the measured (red) and theoretical (blue) output
spectra.

In addition, the same technology makes it possible
to obtain integrated optical ring resonators of extremely
high Q-factor, which themselves can act as sources of
frequency combs due to the Kerr effect (16, 18] (Fig. 8).

Fig. 8a shows a schematic diagram of the experi-
ment: a notch filter made of a fiber Bragg grating is
placed in a fiber ring resonator. Due to the resonator,
when the fundamental frequency is attenuated, energy
is transferred to the side frequencies (Fig. 8b). The
frequency comb period is controlled by introducing
a detuning between the pumping frequency of the reso-
nator and the filter parameters: changing the pumping
frequency without changing the center frequency of
the filter leads to a shift in the spectral components of
higher orders.

Ground

Signal I

Optical Power (20 dB/div)

I \VIWH |

‘ il

Puc. 9. a) cxema modyasmopa; b) ebixodHoli cnekmp [17]
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Fig. 9. Combination of a microwave modulator and an integrated ring resonator: a) modulator circuit; b) output spectrum [17]
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MOTpeHHBbIe BBIIIE CXeMbl IPUHLUIIHAIBHO HeIpH-
MEHMMEBI JJIS CHCTeM KBAaHTOBBIX KOMMYHHUKAIIHUH.

TakuM obpa3zom, pa3paboTka cxeMbl, He ComepsKa-
IIer ONTHYeCKUH YCHIHUTeNb, K INPH 3TOM II03BOJIS-
IOIlel KPaTHO YBe/IMYMBaTh KOJIHYECTBO Ie€HEepPHUPY-
eMBbIX I1ap OOKOBBIX YacCTOT, SIB/ISIETCS aKTyaJbHOM
3amayen.

SKCMNEPUMEHT

Hamu 6bUIM HCCIeOBAaHBl ONTHYECKHE CIIeKTPHI
Ha BeIXOHe ¢pa3oBoro CBY MHTerpaabHO-OIITHYECKOIO
Monynsitopa (PM) coBCTBeHHOro IIPOM3BOACTBa [1].
CxeMa yCTaHOBKHU IIpHBeleHa Ha puc. 10. Hamu
HCIIONB30BAJICA JIa3ep C AJHUHOM BOAHB 1550 HM,
IIMPHHOM CIeKTPAJIbHON NUHHUHU <1 MIL, M BBIXOJ-
HOM MOIIHOCTBIO 2 MBT. IleTns obpaTHO! omTHYe-
CKOH CB$13U Obl/Ia BBIIIOTTHEHA B BHJIe OTPe3Ka BOJTOKHA
IIHHON L=~8,43 M. IIpMepHO IIoCepefuHe IeTIH
HaXOJMJICS CTAHJAPTHBIM ONTHYEeCKHH pa3beéM, KOTO-
PBIEL TI03BOJISIT “BK/IFOYATH? U ¢BBIKIIOUATH? 0OpaTHYIO
cBs3b. I[Ipy BKIIOYEHHH OOPaTHOM CBSI3M 6osbInas
YacTh ONTHYECKOM MOLIHOCTH C BbIxoga ®M mocTy-
I1ajia Ha ero BXO[, YTO IIPUBOAUJIO K CYLIeCTBEHHOMY
yBeIMYEHUIO YMCIAa BBICIIMX TapMOHHUK B CIIeKTpe
CHUTHaja.

B Hamumx 3KCIIepMMEHTaX MCI0JIb30BaJIUCh
Y-BeTBUTE/IH ABYX THIIOB: C KO3QOUIIMEHTOM [Ie/IeHUS
1:9 u 1:3. Haubonblilee BIUsSHHUe 0OPaTHOM CBSI3U
6p1710 06HAPY>KeHO )1 BeTBUTeNs 1: 9 (T. e. IPUMeEpPHO
90% MOIIHOCTH HAIIPaB/IsLIOCh B IIETII0 OOPaTHOM
cBa3u). Ha puc. 1la mpuBeneHb

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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However, it is also possible to combine the above-
described microwave modulator and an integral ring
resonator, which gives, albeit a less wide, but smoother
comb [17] (Fig. 9). Fig. 9a shows the schematic of the
modulator (optical waveguides are shown in black, elec-
trodes are shown in yellow), Fig. 9b shows the output
spectrum - over 900 lines.

Our analysis of the literature has shown that schemes
for the optical generation of the comb function, which
contain a microwave optical modulator and an optical
feedback loop containing an optical amplifier, have been
studied quite well. The presence of an optical amplifier
in such schemes leads to a noticeable negative effect of
intrinsic noise on the formation of the profile of the comb
function.

It is important to stress attention, that, from the point
of view of quantum communication systems, the main
drawback of the described schemes is the presence of an
optical amplifier. According to the” Cloning Theorem
“ [19], light quanta cannot be copied and, consequently,
amplified. This means that the schemes discussed above
are fundamentally inapplicable for quantum communi-
cation systems.

Thus, the study of a circuit containing a microwave
optical modulator and a feedback loop that does not con-
tain an amplifier is an urgent task.

EXPERIMENT
We have investigated the optical spectra at the output
of a phase microwave integrated optical modulator (PM)

CIIeKTPhl CUTHAJIOB [JIs CIy4ast
«0bbpIYHOrO» peskuMa padborer OM,
Ha puC. 116 - O HeTHHEeKHOro
peskuMa paboThl C BRIIOUEHHOMU
IeT/a8éM O6PaTHOM OIITHYeCKOU
CBs3W. JlaHHBIe 33aBHCHUMOCTH
IIOJIyYeHBbl /IS 4acTOThl (a30BOM
monynauuu F=1,725TTI.

AHaJIOTHYHBIE 3KCIIEPUMEHTHI
OBLTH ITpOBe/ieHb 11 Y-BeTBUTEISI
¢ Ko3¢pPULIMEeHTOM CBSI3U 1:3.
B 3TOoM cny4ae Takke Habmronma-
JINCh BCe XapaKTepHBbIe 3aBHCH-
MOCTH, OJHAKO BIHSHHe 06pat-
HOM CBSI3UM OBUIO 3HAYUTETBHO
MEHBILIKM.

BBIJIO HCC/Ie0OBAHO BIHSHUE
YacTOTBl $a30BOM MOZAYISLHUU
Ha YHOIO BBICHIMX CIIeKTPaIb-
HBIX KOMIIOHEHT (IIpu PUKCHPO-
BAaHHON MJMHe IeTAHd obpaTHOH
cBsg3u), (puc. 12a) U BIUsSHUE

Puc. 10. a) skcnepumeHmanbHds ycmaHoskd, b) uccnedyembili ¢pazosbiii mody-
ASIMOPp. C) cXxema ycmaHosku. 1—Aasep, 2 — ®M modyasmop, 3 — onmudeckudi
cnekmpoaHaausamop, 4 - CBY-2eHepamop, 5 — 80A0KOHHO-onmu4eckue
Y-gemgumenu,6 — onmu4eckull KOHHEKmMop

Fig. 10. a) photo of the setup, b) photo of PM modulator. ¢) Block diagram of the
setup:1-laser, 2 - PM modulator, 3 - optical spectrum analyzer, 4 — microwave
generator, 5 - fiber-optic Y-splitter, 6 — optical connector
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BXOJHOM MOILIHOCTH CHIHaIa ($pa30BOM MOLY/ISLIHU
(puc. 12b).

of our own production [1]. The installation diagram is
illustrated in Fig. 10. We used a laser with a wavelength

TPJIbHBIX KOMIIOHEHT IIPU BK/IIOUEHHOM 0OpaTHOMN
CBSI3U OT YaCTOThI MOAY/IALIMH IIPHU MOIIHOCTH 25 IBM.

0f 1550 nm, a spectral line width of <1 MHz and an output
power of 2mW. The optical feedback loop was made in the
form of a fiber segment L~8.43 m long. A standard optical

Ha pwuc. 12a moxkasaHa 3aBMCHMOCTb YHC/Ia CIIEK-
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Puc. T1. Cnexmpbl cuzHano8 Ha 8bixode ®M modyasmopa, yacmoma ¢pazosoli modyasuuu F=1,725 ITu: a): eauduHa cuz-

Haa -5 0bM, b): eeAutuHa cuzHana 25 dbm, 06pamHas ces3b BKAKYEHA

Fig. 1. Signal spectra at the output of the PM modulator, phase modulation frequency F=1.725 GHz: a) signal magnitude -5 dBm,
b) signal magnitude 25 dBm.
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Puc. 12. a): 3asucumocmb Yucaa makcumysmos N om yacmomsl ¢pazosoil modyasuuu (MowHocmb 25 dbm). b): 3a8ucumocmb
YlUCAa CNeKMPpPAanbHbIX KOMNOHEHM 0m MOWHOCMU cuzHana Gazoeol modyasiyuu Ha yacmome 1,725 Ty, Kak nokasan Haw
00NnoAHUMEeAbHbIU AHAAU3, 3Ma 3d8ucuMocmb 6AU3KA K K8AOpAMuYHoU. KpacHble mouku — 3KkcnepumeHmanbHble OaHHble, CUHUE
AUHUU = UX UHMepnoAsuus

Fig. 12. Research results (red points — experimental data, blue lines - their interpolation): a) dependence of the number of maxima
N on the phase modulation frequency (power 25 dBm); b) the dependence of the number of spectral components on the power of
the phase modulation signal at a frequency of 1.725 GHz (as our additional analysis showed, this dependence is close to a qua-
dratic function)
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M3 rpadmka BHIOHO, YTO MAaKCHMaJ/IbHOe KOJIHYe-
CTBO CIIeKTPAJIbHBIX KOMIIOHEHT Hab/IIofanochk IIpU
JacToTe Momyasanuu 1,725 I'T1 v coctassio go 40 mT.
(T.e. mpuMepHO I10 20 ¢ KaXKIOU CTOPOHBI OT HecyIek).
H3MmeHeHMe 4aCTOThl MOOY/IALIMH Jaske Ha 5 MI'1y mpu-
BOJMJIO K TOMY, YTO YHC/I0 IIMKOB COKpAIaloch B Ba
pasa, mpudeM HabIOAAnIach YeTKO BRIPsKeHHAS CHM-
MEeTPHUYHOCTDb 3aBHCHMOCTHU IJISI YMeHBIIeHUS U yBe-
JUYEeHHS YaCTOThI MOAY/ISLIMH B OKPeCTHOCTAX ITHKA.
YBe/IMueHHe 4YMC/Ia MaKCUMYMOB Yy KpaeB HCCIefye-
MO 0671aCTH CBSI3aHO CO C/IEAYIOLIMMHU ITUKAMH, T.e
HabiomaeTcsl HepUOAHUYHOCTD 3aBUCHMOCTH.

OBCYXXAEHWUE PE3YJIbTATOB
MBI IpoAeMOHCTPUPOBAIHN 3O PeKTUBHOCTDh HCIIONb-
30BaHMS OITHYECKOM OOpPATHOM CBSI3K MJIS YBelIH-
YeHHSI YHC/Ia BBICIIUX CIIeKTPAaJbHBIX KOMIIOHEHT.
[IpenyiockeHHass HaMH CXeMa SBJSeTCS IIpele/IbHO
IIPOCTOM: B KadecTBe 0OPATHOM CBSI3H HCIIONb3YETCS
TOJIBKO OTPe30K OIITUYeCKOro BOJIOKHA, YTO BBITOAHO
OT/JIMYaeT HaIly CXeMy OT BCexX OPYIHX, PaCCMOTPeH-
HBIX B IUTepaType. B Halllel cxeMe He UCII0/Ib3YIOTCA
YCHJIUTE/IH, YTO II03BOJISIET CHU3UTh YPOBEHDb LIyMa
[I0 CPaBHEHUIO C 3KCIIePUMEHTAaMH C HCIIO0/Nb30Ba-
HHeM YCHIHTe/leH, U IIPU 3TOM B II0/y4aloIleMcs
rpebeHKe He BO3HHKAeT CIIeKTPAIBHBIX IIPOBAJIOB,
CBSI3aHHBIX CO CII0CO60M QOPMHUPOBAHUSI O0OPATHOU
cBs3u. [IpomeMOHCTPUPOBAHHAS Ha puc. 1la) mepu-
OOUYHOCTb 3aBHCHMOCTH YMCJIa CIIeKTPAIbHBIX KOM-
IIOHEHT OT YaCTOTHl MOAY/ISLIUU JIETKO OOBICHSIETCS
C/IeAYIUMU COOOPasKeHUSIMHU: [/ BO3HHKHOBe-
HUS pe30HaHCa HeobxXomyumo, 4ToObl B IJIMHY IIeTIH
06paTHOM CBSI3M YKJIAABIBAJIOCH IleI0e YHCIO JIJIUH
CBY-BonH: |=c/f, rme ¢ - CKOPOCTh CBeTa B BaKyyMe,
F - gactora dasoBou MOAYIALNK. B Hallem 3KcIie-
puMeHTe [~ 0,17379 M, ¥ HECUIOXKHO IIOACYUTATDH, UTO
TOTJA B JJIMHY IIeTIH pe3oHaTopa (8,52 M) yKJIaablBa-
eTcst 49 piuH CBY-BonH | ¢ XOpoIIei TOYHOCTHIO.
O6cynuM HEeCKOIBKO IIPUMEPOB QYHKIIMOHATBHBIX
BO3MOXKHOCTEM MPeI0KeHHONM HaMH 3[eCh CXeMBI.
Bo-mepBhIX, cucTeMa «ia3ep + CBY oNTHYecKHH
MOZYJISATOP C IEeTIEN 06PAaTHOM CBSI3M» MOXKET OBITH
PaccMOTpeHa KaK HMCTOYHUK H3IydeHHsT Habopa N
KOTePeHTHBIX KojebaHHM. B HaIIMX 3KCIepUMeH-
Tax CIIeKTpalbHBIN MHTepBal AF cocTtaBnsn 1,725 IT,
a gucino N goctyrano B ob1ier cIoskHOCTH 40 mIT, cre-
J0BaTe/IbHO, BeCh CIIEKTPA/IbHBIN AHAIA30H JOCTUTAN
40x1,725 IT1 = 69 IT1. O4eBHIHO YTO, MEHSS QJINHY
0b6paTHOM CBSI3U HY>XKHBIM 006pa3oM, MOKHO IIOZO-
bpaTh CIIeKTpPaJIbHBIN KWHTepBaI AF Tak, 4Tob6bl OH
COOTBETCTBOBAJI CTaHnapTHoﬁ cetke yactoT (H)DWDM,
T.e. mary 25, 50 mau 100 ITi. B 3TOM C1y4dae oguH
nasep MOKeT OBITh MCIIONB30BAaH AJIs obecriedeHHUs
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connector was located approximately in the middle of the
loop, which made it possible to “turn on” and “turn off”
the feedback. When the feedback was switched on, most
of the optical power from the output of the PM was fed to
its input, which led to a significant increase in the num-
ber of higher harmonics in the signal spectrum.

In our experiments, two types of Y-branches were used:
with a division ratio of 1:9 and 1:3. The greatest feedback
effect was found for the 1:9 splitter (i.e. approximately
90% of the power was directed into the feedback loop). Fig.
11a shows the signal spectra for the case of the “normal”
mode of operation of the PM, Fig. 11b - signal spectra for
a nonlinear mode of operation with an included optical
feedback loop. experimental dependences were obtained
for the phase modulation frequency F=1.725 GHz.

Similar experiments were carried out for a Y-branch
with a coupling ratio of 1:3. In this case, all characteristic
dependences were also observed, however, the influence
of the feedback was much smaller.

The influence of the phase modulation frequency on
the number of higher spectral components (at a fixed
length of the feedback loop) (Fig. 12a) and the influence
of the input power of the phase modulation signal (Fig.
12b) were investigated. Fig. 12a shows the dependence of
the number of spectral components with the included
feedback on the modulation frequency at a power of 25
dBm. It can be seen from the graph that the maximum
number of spectral components was observed at a modu-
lation frequency of 1.725 GHz and was up to 40 pieces (i.e.,
approximately 20 on each side of the carrier). Changing
the modulation frequency even by 5 MHz led to the fact
that the number of peaks was halved. Moreover, a clearly
pronounced symmetry of the dependence was observed
to decrease and increase the modulation frequency in
the vicinity of the peak. An increase in the number of
maxima at the edges of the study area is associated with
the following peaks, i.e., a periodic recurrence of the
dependence is observed.

DISCUSSION OF THE RESULTS

We have demonstrated the effectiveness of using optical
feedback to increase the number of higher spectral
components. Our proposed scheme is extremely
simple: only a piece of optical fiber is used as feedback,
which favorably distinguishes our scheme from
all others considered in the literature. The circuit we
have demonstrated does not use amplifiers, which
makes it possible to reduce the noise level compared to
experiments using amplifiers. In this case, the resulting
comb does not have spectral gaps associated with the
method of feedback formation. As shown in Fig. 11a, the
periodic recurrence of the dependence of the number
of spectral components on the modulation frequency
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paboThl cpa3y B HECKOIBKKX YaCTOTHBIX KaHAJIOB. [Ipy-
ras MHTepecHas BO3MOXKHOCTb ~ 3TO «YMEeCTHTBL» Cpasy
OonbllIoe YHMCIO CIeKTPaJbHBIX KaHaJIOB B II0J0Ce
OFHOTO CTAaHJAPTHOIO CIIEKTPAJBHOTrO0 KaHana. Obe
3TH OIII[UH BOCTPeOOBAaHBI B CHCTeMaX CBSI3M, UCIIONIb-
syromux npuHnun CDMA (Code Division Multiple
Access) UJIU aHAJIOTUYHEIN,

Bo-BTOpBIX, IIOCKO/IBKY IIPeACTaBaeHHbIe 3qech CBY
MHTErPaJIbHO-OITHYeCKUEe MOMY/ISATOPHI IIpeaHa3Ha-
YeHBl IS HCIIOJb30BaHHS B CHUCT@MaX KBaHTOBBIX
KOMMYHHKAIIUF Ha OOKOBBIX YacTOTax, TO HaIH-
yue 6onpmoro (1o 20 mIT.) YHMCIA BBICIIKX TAPMOHUK
OTKPBIBA€T BO3MOXKHOCTBH Iepefauyd HHPOpMaluH
Ha pa3JIHYHBIX Iapax OOKOBBIX YaCTOT, YTO SIBJIS-
eTCs JTOTIONTHUTe/IbHOM CTeNeHbI0 3aIlMTHL Iepefadu
JAHHBIX.

B-TpeTpuX, 3aMeTHBIM IIPeHMYyINecCTBOM HalleKr
TeXHOJIOTHH SBJISIETCS BO3MOXKHOCTb CYIeCTBEHHO
CHU3UTb TpeboBaHMS, a C/lefjOBAaTelIbHO, KU CTOH-
MOCTb, K caMoMy CBY-reHepaTopy. Tak, HalpuMmep,
BO3MOKHOCTb PaboTel Ha 10-M1 rapMOHMKe II03BO-
JieT MCIIONb30BaTh FeHEePaTop, CO3MAIIIML YaCTOTy
dazoBom mopynsauuui F=1 ITi, 4YTO 3KBUBAJIEHTHO
paboTe Ha I1epBOL FTapMOHHKe TeHepaTopa ¢ YacTOTOM
F=10I'Tw.

M HakoHel], camoe TIjaBHOe IIPeHMYIIeCTBO:
OTCYTCTBHE B Halllel CXeMe ONTHYeCcKOIO yCHIHUTess
II03BOJISIeT MCIIO/Ib30BaTh €€ B CHMCTeMaX KBaHTOBBIX
KOMMYHHKALILH.

Takum o6pasoM, pacCMOTpeHHas 3[eCh CXeMa
yCUJIeHHSI HelHHeHHocTe B CBY HHTerpajbHO-
OIITHYECKHX MOJYJIATOPAaX II03BOJISIOT CYyIeCTBEHHO
paclIupuTh HUX QYHKIHUOHAIBHBIE BO3MOXKHOCTHU
YW CHHU3HUTb CTOUMOCTb IIPHMEHHUTEIBHO K CHCTeMaM
KBaHTOBBIX KOMMYHHKAILIHH.
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is easily explained by the following considerations.
For resonance to occur, it is necessary that an integer
number of microwave wavelengths fit into the feedback
loop length: I=c/F, where ¢ is the speed of light in
vacuum, F is the phase modulation frequency. In our
experiment, [~0.17379 m, and it is easy to calculate that
then 49 microwave wavelengths | fit into the cavity loop
length (8.52 m) with good accuracy.

Let’s discuss several examples of the functionality of
the scheme we proposed here. First, the “laser + micro-
wave optical modulator with a feedback loop” system can
be considered as a radiation source of a set of N coherent
oscillations. In our experiments, the spectral interval AF
was 1.725 GHz, and the number N reached a total of 40
pieces. Consequently, the entire spectral range reached
40x1.725 GHz = 69 CHz. Obviously, by changing the feed-
back length as needed, one can select the spectral inter-
val AF so that it corresponds to the standard (H)DWDM
frequency grid, i.e. steps of 25, 50, or 100 GHz. In this
case, one laser can be used to provide operation in several
frequency channels at once.

Another interesting possibility is to “fit” a large num-
ber of spectral channels at once in the band of one
standard spectral channel. Both of these options are in
demand in communication systems using the CDMA
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(Code Division Multiple Access) principle, or another
similar method.

Secondly, since the microwave integrated optical mod-
ulators presented here are intended for use in quantum
communication systems at side frequencies, the presence
of a large (up to 20 pieces) number of higher harmonics
opens up the possibility of transmitting information at
various pairs of side frequencies. This is an additional
level of data transmission protection.

Thirdly, a significant advantage of our technology
is the ability to significantly reduce the requirements,
and, consequently, the cost, to the microwave generator
itself. So, for example, the ability to work at the 10th har-
monic allows you to use a generator that creates a phase
modulation frequency of F=1 CHz, which is equivalent
to operating at the first harmonic of the generator with
a frequency of F=10 CHz.

And, finally, the most important advantage: the
absence of an optical amplifier in our scheme allows us to
use it in quantum communication systems.

Thus, the scheme considered here for amplifying
nonlinearities in microwave integrated optical modula-
tors can significantly expand their functionality and
reduce the cost as applied to quantum communication
systems.
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