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Background. At the present time, further increase in the speed of processing and transmission of information is associ-
ated with the development of hybrid integrated circuits, combining electrical and optical components. One of the important
constituent parts of future optical integrated circuits are filters that can be conveniently implemented using so-called disc mi-
croresonators with whispering gallery oscillations.

Technically, the problem of manufacturing such filters in the infrared and even in the visible wavelength range has been
solved, but calculation of parameters and tuning of multilink filters is impossible without further development of the theory of
their building. The development of such a theory is based on the electrodynamic modeling of processes that occur in complex
systems of coupled microcavities, coupled also with transmission line. At present, the study of filters built on different micro-
resonators has not been carried out.

Objective. The aim of the research is to construct the theory of scattering of electromagnetic waves of the integral opti-
cal transmission lines on systems of coupled different optical microresonators with whispering gallery modes.

Development of mathematical models of filters constructed using various disk microresonators. Investigation of new
structures of coupled microresonators with acceptable scattering characteristics.

Methods. To construct a mathematical model of filters, an approximate solution of the Maxwell equations based on
perturbation theory is used. The application of perturbation theory made it possible to find a solution to the problem of calcu-
lating the S-matrix of the filter in an analytical form.

Results. An electrodynamic model for the scattering of optical transmission line waves by a system of different shapes
coupled microresonators and made of different dielectrics is developed. New structures of microresonators, realizing bandpass
and bandstop filters, are investigated and their scattering characteristics are calculated.

Conclusions. The theory of scattering of electromagnetic waves by systems of various coupled optical microresonators
is expanded. A new definition of the coupling coefficients of different microresonators is given. New models of filters are con-
structed.

Keywords: infrared range; integrated optics; optical filter; bandstop filter; bandpass filter; microresonator.

of equations describing different microresonators
have been developed. Total analytical solution has
been found. In special case of identical microresona-
tors obtained solutions are simplified to the known
ones [7].

By using obtained equations, the research of elec-
tromagnetic wave scattering problem on different
microresonator structures have been conducted in
the propagating optical waveguide and between two
waveguide segments. A new design of both the
bandstop and bandpass filters on different Disk Mi-
croresonators are examined.

Introduction

Whispering-gallery-mode (WGM) microresona-
tors are used in filters, switches and laser stabilizing
elements of the optical communication devices [1].

It's known that in addition to a very high Q factor
the dielectric microresonators have a such disad-
vantage, as increased density of the spectrum. The
scattering parameters of a variety of the optical de-
vices can be significantly improved by using micro-
resonators of different forms [2-6]. In the early
works, for the theory simplification, all microresona-
tors are generally supposed to have the same shape
and manufactured of the same dielectric. In order to
improve the scattering parameters in some cases
there is need to build filters on microresonators with
different shapes made of various dielectrics. Howev-
er, in this case theory describing scattering processes
becomes more complicated. In this article the system

Statement of the problem

The goal of the current article is the development
of the theory of optical filters, consisting of different
microresonators, that can be used in the modern
communication systems.
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Scattering theory

Consider the system of N different microresona-
tors, consisting of different materials. We assumed
that the eigenoscillation field of each isolated micro-

(s=12,...,N). Here

€, -is the electric field and HS - is the magnetic field

resonator is known: (€&g,h,),

intensity of the s-th isolated microresonator. The
eigenoscillation field of the N - microresonator sys-

tem (&,h) can be found as a superposition of fields
of the isolated resonators:

The amphtudes b,
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should satisfy the equation

system [7]:
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dw=Re(®d—wy); o =Im(®); kg, kg,
coupling coefficients on the damped and expanding
waves of the transmission line; ®, = Re[w,] is the
real part of frequencies of isolated partial resonators
(s=1,2,...,N). In the case of different microresona-
tor shapes the coupling coefficients take different
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Here ty;- is the ultimate multi index, determin-
ing the numbers of the expanding waves in the
transmission line, and a (c}%), - is the expansion
coefficient of the s-th microresonator field on the
t -th wave of the transmission line [7], calculated in
the coordinate system, associated with s -th resona-
tor center; zg - is the longitudinal coordinate of s -th

microresonator center; I - is the longitudinal wave
number of the transmission line; and

L2 = 2
o =174 [ (& 61" + 10|y,
Vﬂ
stored in the dielectric of the n -th microresonator
(s,n=12,...,.N).

)dv— is the energy,

Generally, by providing the solution to the equa-
tion system for each obtained A, (2), it is possible
both to calculate approximately the complex fre-
quencies @' of the system coupling oscillations and
to determine all amplitudes of partial resonators

Y =(b),by,....bY), (v=12,..,N).
The problem solution of the waveguide wave

(Efr,ﬁfr) scattering on the microresonator system

will be searched in the form of expansion on cou-
pling modes:

N —
E=E; +Z:aq*S H=H| +) a’h®, 4)
s=1 s=1
where (&%,h*) is the field of the N - microresonator
system (1), corresponding to the eigenvalue A, (2).

By using perturbation theory, after the volume in-
tegration of each partial resonator after simplifica-
tions the equation system with the unknown coeffi-

cients a® has been obtained in the form:

N o\
ZasbiQst(oo)z—(cf ) /PP (t=1,2,.,N). (5

s=1

Where for different resonators, the functions Q (®)

are dependent on the partial and the coupled
oscillation microresonator numbers:

Qu( =212 P QP 4 @
o

®p
u)(, I|et| dv- is the loss power in the
Vt
=myw, /PP
The transmission T and the reflection coefficient

R of different microresonator system can be ob-
tained from (4), (5) in the form:

dielectric of t -th microresonator; QP

N (N
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Ty, Ry are the transmission and reflection coef-

ficients of the transmission line without microreso-
nators;

B (o) = (7
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(k,)o - is the coupling coefficient (3), for one

propagating wave, expressed without phase differ-
ence accounting in the transmission line.

Bandstop Filters
on different microresonators

Bandstop Filters on different microresonators in
the regular transmission lines represent the most in-
teresting case from the point of view of the theory,
because in this case all the resonators at the same
time exchange oscillations both by propagating and
by not extending waves.

We proposed that the all microresonators are ex-
cited on EHj,,; mode [7]. The dielectric perrnittivity
of the first kind microresonators =16;
Ql—lO m=m; =20; A = L1/21r1 0,2;

=6,6- 10 ~5 . The second klnd of the mlcroresona—
tor parameters: £,=96; _Q)=2- 10°;
m=m, =24; A,=L,/2r,=0,2; k, =3,4- 10_4
Here 21, - is the diameter and L is the height of
the s-th Disk Microresonator; kg - is the coupling
coefficient between s-th microresonator and the
transmission line (s=1,2). All mutual coupling
coefficients where calculated from [8].
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Fig. 1. Bandstop filters on different disk microresonators
(a, d). S-parameter responses of the 9-section filters as
functions of the frequency (b - c, e - f).

Fig. 1 shows scattering parameters of the band-
stop filters, consisting of 9 Disk Microresonators,
calculated by the formula (5 - 7) with help of the (1,
2). The distance between adjacent DR centers were
proportional to A, /4, where A, - is the guided
wavelength. As can be seen from the above depend-
ences, proposed structures allow us to obtain differ-
ent cutoff characteristics.

Bandpass Filters modeling

Bandpass filters most often used in various opti-
cal devices. In this case only the first and last reso-
nators are coupled with transmission line: kqt =0, if
s#1,N and t#1:

Bl (w) =
binl ((D) Ql b?\I 1 N 1,1 bi\IQNl(O‘))
_ dot| P3Qu(@) . 0 b2 Q. (@)
b}\IQlN(O‘)) 0 bEQNN((D)
For simplicity we proposed that ki =k, =k, ;

where k; - is the coupling coefficient of the 1-th

and the N -th microresonator with the transmission
input (output) line of the filter.
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Fig.2. Bandpass filter on laterally coupled different
disk microresonators (a). S-matrix responses of the 7-
section bandpass filter as functions of the frequency (b -
d). The coupling coefficients of the terminal resonators

with transmission lines: &k, = 7-107"; the 1-th and the N-
g,=16; QP =10°%;
parameters: €, =9,6;

th microresonator
m; =20;
Q'z) =2-10%; m, =24.

parameters:

another resonator

The fig. 2-4 show results of the calculation of
bandpass filter S- parameters matrix built up on dif-
ferent disk microresonators with HE[ , mode. The

mutual coupling coefficients also where obtained
from [8].

m,l
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Fig.3. Bandpass filter symmetrical structure on lat-
erally coupled different disk microresonators (a). S-matrix
responses of the 7-section bandpass filter as functions of
the frequency (b - d). The coupling coefficients of the

terminal resonators with transmission lines: k, =6-107";
the 1,2-th and the N —1,N -th microresonator parameters:
g, =16; QX =10°; m, =20; another resonator parame-
ters: €,,=9,6; Q; =2-10°; m, =24.

It's seen, that in consequence of rapidly coupling
coefficients decrease [8], all S-parameters are sym-
metrical functions on the frequency. As we used a
large number of resonators, the S, squareness was

obtained well.
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Fig.4 Bandpass filter on vertically coupled disk micro-
resonators (a). S-matrix responses of the 7-section band-
pass filter as functions of the frequency (b - d). The cou-
pling coefficients of the terminal resonators with trans-

mission lines: k, =5- 10™ ; microresonator parameters are
g,=96;Q =210 ¢, =16; Q) =10°.

The best result for the vertically located disk micro-
resonators was obtained for the structure shown in
Fig. 4, a.

Conclusion

A scattering theory on different Optical Micro-
resonator systems based on perturbation theory has
been expanded.

New definitions of coupling coefficients for the
different microresonators in the transmission line are
presented.

New structures of the bandstop and bandpass fil-
ters on different microresonators are proposed.

The S-parameters of the filters are investigated.
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Tpyoin O.0.
MogaentoBaHHs1 ONTHYHUX QiNbTPIB HA Pi3HUX JUCKOBUX MIKPOPE30HATOPAX 3 KOJIMBAHHSIMHU LIeNovy4eii raaepei

IMpob6aemaTuka. CpOroHI MOJANBINE TTiIBUIICHHS MIBAAKOCTI 00pOOKHM Ta TepenaBaHHs iHGOpMaLil TTOB'A3y€ThCA 3 PO3-
POOKOIO TIOPUIHMX IHTETPATBHAX CXeM, SIKH 00'€ THYIOTh B COOi €JIEKTPIIHI Ta ONTHYHI KOMIOHEHTH. OHOT i3 BaXKJIMBUX CKJIa-
JIOBHX YaCTWH MaffOyTHIX ONTHYHHUX iHTETPATFHHUX CXeM € (PiIbTpH, KM 3py9IHO BUKOHYBATH i3 TaK 3BAHMX AWCKOBHX MiKpope-
30HATOPIB 3 KOJIMBAHHAMH Inenouydeit rajgepei. TeXHIYHO 3aaua BUTOTOBJICHHS TaKUX (ibTpPIB B iHPpauepBOHOMY Ta HABUIb Yy
BUVIMOMY Jiarna3oHax JOBXKWH XBMJIb BUpillleHa, ajle po3paxyHOK MapamMeTpiB Ta HacTpoiika 6araToJaHKOBHUX (iIbTPiB HEMOX-
MPOILIECiB, SIKM BiIOYBaIOThCSA Y CKIATHUX CHCTEMax 3B'SI3aHUX MiKpOpPE30HATOPiB, 3B'SI3aHMX TAKOXK i 3 JiHi€r0 mepenauu. B Ha-
CTYTHHI Yac HOCTimKeHHS QiIbTpiB, MOOYIOBAaHUX Ha Pi3HUX MIKPOPE30HATOPaX HE MPOBOIMIOCH.

Merta pocaizkeHs. MeToro nociimkeHb € po3pobka Teopil po3CitoBaHHS €1eKTPOMArHiTHUX XBWIb iHTErpajJbHUX ONTHY-
HUX JiHil Ha cHCTeMaXx 3B'S3aHUX MK COOOIO0 Pi3HMX ONTHYHUX MIKPOPE3OHATOPIB 3 KOJIMBAHHAMH IIernodydeii ranepei. Po3poo-
Ka MaTeMaTUYHHUX Mojeieil (inbTpiB, BUKOHAHUX i3 3aCTOCYBaHHAM Pi3HUX IHUCKOBHX MiKpope3oHaTopiB. JOCTiKeHHS HOBHX
CTPYKTYp 3B'SI3aHUX MiKpOPE30HATOPiB 3 IPUIHATHIMH XapaKTepUCTHKAMH PO3CIIOBaHHSI.

Metonuka peasnizauii. JIns1 no6ynoBu MateMaTUdHOT MofieNti inbTPiB 3aCTOCOBAHO MPUOJM3HE BUPILIEHHS CUCTEMHU PiB-
HAHb MakcBeia, 3aCHOBaHe Ha 3aCTOCYBaHHI Teopil 30ypeHb. 3acTocyBaHHi Teopii 30ypeHb 103BOJIMIIO 3HANTH BUPILIEHHS 3a1ayi
pO3paxyHKy S - MaTpuLli GinbTpa y aHaJiTHIHOMY BUTIISAL

PesyabTaTn nocaixkens. Po3podieHa enekTpoAHaMiuHa MOJeNTb PO3CiOBaHHSA XBUJIb ONITUYHOT JIiHIT Ha cucTeMi 3B'A3a-
HUX MiKpOpe30HaTOPiB pi3HOT (GopMH i BUKOHAHMX i3 pi3HOTO HAienekTpuka. JlochimkeHi HOBi CTPYKTYpH MiKpOPE30HATOPIB SIKH
peai3yroTh CMyTOBi Ta peXXeKTOPHI (PiIBTPi Ta po3paxoBaHi X XapaKTEPUCTHKU PO3CIOBAHHI.

BucnoBku. Po3mmpena Teopis po3citoBaHHs €leKTPOMAarHiTHUX XBWJIb Ha CHCTEMax Pi3HMX 3B'I3aHUX ONTHYHHUX MIiKpO-
pe3oHartopiB. [laHo HOBe BIM3HAYCHHS KoeillieHTiB 3B'I3KY pi3HMX Mikpope3oHaTtopiB. [loOymoBaHi HOBi MoneTi QibTpiB.

Kunrouosi ciioBa: IH(ppadepBoHMit miama3oH; iHTerpaibHa ONTHKA; ONTHIHUNA (ibTP; CMyTOBHA (ibTp; peKeKTOPHUIA
¢inbTp; Mikpope3oHaTop.

Tpyoun A.A.

MopennpoBaHue ONTHYECKHX (PUIBTPOB HA PA3JIMYHBIX TUCKOBBIX MHKPOPE30HATOPAX ¢ KOJIeOaHUSIMHU IeMYyILiei
rajiepen

IMpoGaemaTuka. B HacTosiee Bpems fanbHeliliee NOBBIMIEHNE CKOPOCTH 00pabOTKU U Mepeaaun HHGOopMaLuy CBA3bIBa-
eTcsl ¢ pacpabOTKOM TMOPUIHBIX MHTErpalbHbIX CXeM, 00bEANHAIONIMX B ce0e NeKTpUYeCKHe U ONTHYECKHe KOMMOHEeHThl. Ofi-
HOI U3 BaXKHBIX COCTABNIAIOLIMX YacTel OyaylMX ONTUYECKUX MHTETPAIbHBIX CXEM SIBIAIOTCS (PUIIBTPBI, KOTOPbIE YI00HO BBIMO-
JIHATB, UCIONIB3YS TaK Ha3blBaeMble IMCKOBbIE MUKPOPE3OHATOPHI ¢ KojleOaHWAMM Iemuyiieil ramepen. TexHuueckn 3agaya
M3rOTOBJIEHNS MONOOHBIX QUIBTPOB B MH(PpaKpaCHOM M Jake B BUAMMOM JHamna3oHe JJIMH BOJIH pelleHa, OHAKO pacyeT mapa-
METPOB 1 HACTPOHKa MHOTO3BEHHBIX (DIIIbTPOB HEBO3MOXKHA 0e3 MaTbHEHIIEro pa3BUTUs TEOPUH MX MPOEKTUpOBaHus. Pa3Butie
TaKoW TEOpPUM OCHOBBIBAETCS HA JNEKTPOAMHAMMYECKOM MOJAEIMPOBAHUU MPOLECCOB, KOTOPBIE MPOUCXOJAT B CIOXKHBIX CHCTE-
Max CBS3aHHBIX MMKPOPE30HATOPOB, CBA3aHHBIX TAKXe M C JUHHEIl mepenaun. B Hacrosmiee Bpems uccienoBanue (UIbTPOB,
MOCTPOEHHBIX Ha Pa3INYHBIX MHUKPOPE30HATOPAX HE MPOBOJUIOCH.

Lenb ucenenosanuii. Liensto uccnenoBaHuii ABISETCA MOCTPOSHUE TEOPHU PACCESIHUS 3JIEKTPOMArHUTHBIX BOJIH UHTEr-
paJbHBIX ONTUYECKHUX JIMHUH Mepefaud Ha CUCTEMax CBA3aHHBIX MEXAY c000# pasNHUuHBIX ONTHYECKMX MUKPOPE30HATOPOB C
KosiebaHNAMM Lenuylei rajanepen. PaspaboTka MaTeMaTHueckux Mojesiel GpuibTpoB, BBIMOJHEHHBIX ¢ PUMEHEHUEM pa3iiuy-
HBIX JMCKOBBIX MUKPOPE30HATOPOB. MccaenoBanne HOBBIX CTPYKTYpP CBA3aHHBIX MHUKPOPE30HATOPOB C MPUEMIIEMBIMU XapaKTe-
PUCTHKAMHU paccesHusL.

Metonuka peanusauuu. [ noctpoeHust MaTeMaTHYecKoil Moenn (GUIbTPOB MCTIONB30BAHO MPHUOIMKEHHOE pelleHre
ypaBHeHHMId MakcBensia, OCHOBaHHOE Ha NPUMEHEHWH TEOpUM BO3MYILEHWH. [IpuMeHeHne Teopuu BO3MYLIEHMH ITO3BOJIMIIO
HailTH pelIeHue 3a1aqn pacyera S - MaTpHLpbl GUIBTPa B aHATUTHIECKOM BHIE.

PesyabTaThl HeenenoBanuii. PaspaboTaHa anekTpoarHaMUdecKas MOJENb paccesHUs BOJH ONTHYECKON JTMHHUU HA CHC-
TeMe CBA3aHHBIX MUKPOPE30HATOPOB pa3HOi (hOPMBI U BHITIOTHEHHBIX U3 Pa3HOTo AMANEKTpUKa. MccnenoBaHbl HOBbIE CTPYKTYpBI
MHKpPOPE30HATOPOB, PEANM3YIOIIHX TOJOCOBBIE U PEKEKTOPHBIE (PUIBTPBI U PACCUUTAHBI UX XapaKTEPUCTHKU PacCesHus.

BeiBoabl. Pacummpena Teopus paccesHHs 31€KTPOMarHUTHBIX BOJH HA CUCTEMAaxX Pa3HbIX CBA3AHHBIX ONTHYECKUX MHUKPO-
pe3oHaTopoB. J[aHo HOBOe omnpeseneHue Ko3((ULHEHTOB CBA3M Pa3HbIX MHUKPOPE30HATOPOB. IToCTpoeHs! HOBbIE MOJEIH (PUITb-
TPOB.

KuoueBbie cjioBa: MH(pakpacHslil Anana3oH; WHTErpaybHas ONTHKA; ONTHYECKHil (MIBTP; MOJIOCOBOI (MIBTp; pe-
’KEKTOPHBIH (UIBTP; MUKPOPE3OHATOP.





