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Background. Nowadays, further increase of processing and transmission speed of information is associated 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 microresonators 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 with transmission line. At present, the study of filters
that built on different microresonators hasn’t been carried out.

Objective. The aim of the research is to construct the theory of electromagnetic wave scattering of the integral optical
transmission lines on systems of coupled diversiform optical microresonators with whispering gallery modes, as well as
development of mathematical models of filters constructed using various disk microresonators, and 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 calculating
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 coupled diversiform
microresonators 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 coupled diversiform optical
microresonators is expanded. A new definition of the coupling coefficients of different microresonators is given. New filter
models are constructed.

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

Introduction assumed. Mutual coupling coefficients of different

spherical dielectric microresonators yet to be fully

Spherical shape is the most convenient for  studied.

manufacturing of resonators in the optical wavelength

range. In addition, the quality factor of such resonators
for whispering gallery modes is one of the highest. All
this makes spherical microresonators the most attractive
elements of optical devices. Today the spherical
microresonators are being actively studied with a view to
their subsequent application [1 - 15].

The possibility of using microresonators of various
forms in the filters and other optical devices significantly
expands the capabilities of developers. To calculate
parameters of the microresonators in various structures
knowledge of its mutual coupling coefficients is

Statement of the problem

The aim of the paper is the calculation, analysis and
study of the coupling coefficients of different spherical
microresonators with whispering gallery modes in the
open space, as well as investigation of new structures of
microresonators for the construction of filters and other
devices of infrared and optical wavelengths, and
development of mathematical models of infrared wavelength
filters on different spherical microresonators with improved
scattering parameters.
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Classification of the modes of spherical
microresonators

To calculate the coupling coefficients information on
the fields of the isolated microresonators is needed. The

eigenmode field of the spherical microresonator is well
known [16].

In local spherical coordinate system, associated with
microresonator center (Fig. 1, a), the field of
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Fig. 1. The spherical microresonator in the open space (a). Two spherical microresonators in the rectangular coordinate system

(b). Plane of symmetry AA’ of two different spherical microresonators (c). Dependence of module of coupling coefficient

multipliers |0L| as a function of  the

the H,,

magnetic-field (or electric-field) component in the local

, (or E_.;) mode is described by radial

spherical coordinate system (r,0,¢) (Fig. 1, a):

mo| . (1)

Here k, =o./ep,is the wave number in

n(n +1)

h, (e,) = ——=f) (k,r)P™(cos e)[sm

s -th

dielectric (s=0,1); P;"(cos®) - is the associated

Legendre polynomial; fr(ls)(z)- one of the spherical

Bessel 125

va(2)=(n/22)"Y

functions: j,(z) = (n/2z)""J 11 (2);

Yoi12(2) 5

second

microresonator dielectric permittivity

(d-f).

WO (z)=(n/22)*HP,,(z) [17], or their linear

combinations.

The indexes n>0; 0<m<n are integers; they
determine a number of the field's variations in the
and on the surface:

meridional plane: ¢ = const

0 = const, respectively (Fig. 1, a). In the dielectric
volume (r <r,): fr(ll)(klr) =a,j,(kjr); in the open space:
(rzr): fr(lo)(kor) =a, h;z)(kor) (1 - is the radius of the
microresonator). Satisfaction to the boundary conditions
leads to determination of the unknown constants
(ag;a;). At that, the characteristic parameters p =kr,,

q = ko1 would satisfy to the equations [16].
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Coupling coefficient calculating
The coupling coefficients of the
microresonators can be obtained from already known
formulae. We used analytical formulae for the coupling
coefficients of the different spherical microresonators,
situated in the metal rectangular waveguide [18]. When
the waveguide walls tend to infinity, the sums on the

spherical

waveguide wave numbers transform to the integrals on
non-dimensional parameters. As a result of integration
next relationships for different spherical microresonators
have been obtained
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Fig. 2. The coupling coefficients as functions of the
distance between microresonator centers for the same parity

whispering gallery modes H H =22;
n,=24; g,=4;

m=m,=1I;e f: m=n;; my=n,.A,c¢c AO=0,01;e:

nymyly ° npmyly (ny

€,=16). A, b: m;=m,=0; ¢, d:

AB=m/2;a, c, e kyAr=21. The ordinate axes on the

left correspond to the real part, and the y-axis to the right
of the imaginary part of the coupling coefficients.
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For different parity with respect to m;, m,, the sign (4)
changes to the opposite.
Here w =/l1y/g; =120m - is the wave impedance of

the open space;
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Onyn, (P1>413P2,d2) =

- is the functions, determining the dependence of coupling
coefficients on the parameters of oscillations and material

y=y1-1";

2 2 :
Ap =\/(X2 =X1) +(y2-y)" s Az= |Zz _Zl| (Fig. 1, b).
Where also p, =k, and q, =k, - is the characteristic

of microresonators;

parameters of the spherical microresonator modes [16];
k= w\/@ (s=0,1,2); o - is the circular frequency.

We examined the case, when the microsphere centers
situated in the plane of symmetry AA’, parallel to the
plane xz: y, =y, (Fig. 1, c). The upper and lower signs
in (2-4) correspond to the parity of the field shown in (1),
with respect to the plane ¢ =0.

In the special cases of the identical microresonators, the
obtained formula (2, 3) coincides with previously known
[19].

The integrals (4 - 6) can be calculated, if used [19]:

fe® 1_t2Jm(ct)PrIln(\/1—t2)tdt/ 1-t* =

0

—i(m-n)pm (b/\/bz +c? )hﬁf) (\/b2 +c? ) , (6)

(b, c- are the real constants), as well as expansions:
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The first two expansions (7) are easy to determine if
we use the well-known decompositions [20, 21]:
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a b c
and [ B J- is the 3-j Wigner symbol [17]. Using
a Y

the recurrence relations for the Legendre polynomials and

(6, 7), we obtain:
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The coefficients of the last two expansions (7) are
calculated by using:
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Substituting (7) in the (2-4) and using (6), obtains
finally:

1) for H, 1> Hym,, and for the same parity with

respect to m;, m,:
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Here the Ar= \/(x1 X)) +(y,=¥,)* +(z-2,)" is the
the centers of the
microresonators (Fig. 1,b); cosA0 =(z;—z,)/Ar.

relative  distance between

Coupling coefficient analysis
The relationships (10)-(12) was used for the
calculating of the coupling coefficients for whispering
gallery modes of different spherical microresonators.
Fig. 1, d-f shows the dependence of the module of the
coupling coefficient multipliers (5) on the dielectric
constant of the second microresonator in the case of two
magnetic type oscillations H (d); in the

case of two oscillations of the electric type E

E

nymyly 2 anmzlz

nymyly >

n,m,1, (¢) and for oscillations of magnetic type H

in the first microresonator and the electric type E

nymyly

nymyly
in the second (f). The -calculations show "non-
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reciprocity" of the coupling coefficients for
microresonators of different types.

The real part of the mutual coupling coefficient is
determined by the overlap of the stored field of the
microresonators, and the imaginary part is the magnitude
of the radiations of the structure. If such overlap is
mainly determined by the electrical components of the
field, the real part of the coupling coefficient becomes
negative, and if the overlap is mainly determined by the
magnetic components of the field, it is positive. Thus,
the dependence of the real part of the mutual coupling
coefficient is determined by the distribution of the stored
fields of microcavities in the near spatial region, while
the imaginary part of the coupling coefficient is
determined by the radiation fields of the coupled
oscillations. As can be seen from the graphs shown in
Fig. 2, 3, this statement is in good agreement with the
results of the calculations.

And as follows from the results, presented in Fig. 2, 3,
the coupling coefficients of the whispering gallery
modes obtains sufficiently large values in the near-field
region. At that, the relative motion in the tangent
directions leads to a complex interference of their mutual
influence, determining by significant eigenmode field
variation nearby their surfaces (Fig. 2, b, d, f; Fig. 3, b,
d). In the majority cases the imaginary part values of the
coupling coefficients at least one tenth as many as it real

parts.
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Fig.3. Coupling coefficients as functions of the microresonator
relative coordinates for the Hn1m111 N Enzmzlz oscillations (a, b);

Eim,» H oscillations (¢, d); (n; =22;n, =24;

m=1;m,=1;¢,=4;¢),=16)Ac AB=0,01;b,d:
kOAr =22 . The ordinate axes on the left and on the right
correspond to the real and imaginary part of the coupling coefficients.
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Filter parameters calculation

Obtained results allow us to design electrodynamic
models of various filters in the infrared and optical
wavelengths ranges. Of greatest interest is the search for
new structures of microresonators that most simply
realize acceptable scattering characteristics [22]. In this
case it is desirable that the systems of microresonators
are excited only on the given type of oscillations. In the
case of band-stop filters, an additional condition is
added, which is necessary to realize partially frequency-
symmetric frequency response.
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Fig. 4. Sketch of bandstop filters on coupled spherical

microresonators and dielectric waveguide (a, d, g). S-matrix

responses of one band of the 10-section (b, c); 8-section (e, f); 9-

section (h, i) filters on spherical microresonator H, ; modes
(g,=9;¢,, =16 ;Q? =1-106;Q]2) =2-10(’;11 =1, =1;

m, =m, =n, =n, =26). S-parameters of the bandstop filters (b,
c;e, f;h,i).

Example of calculation on the S-parameters of the
bandstop filter on whispering gallery modes H_ .,
(m=26) is shown in Fig. 4. The coupling coefficients
between microresonators were calculated on (10). The
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coupling coefficients between microresonators and
dielectric waveguide are equal: k; = 1,7-107% (a);
ki =110 (d); ki =1,5-107* (g). Here and below
Sy =851 (0) = 201g[T(D);  S;; =S;(f) =201g[R(f), are

the scattering matrix elements, where T(f) - is the

transmission coefficient and R(f) - is the reflection

coefficient response of the microresonator system in the
optical transmission line.
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Fig. 5. Sketch of bandpass filters on different
microresonators (a, d, g). S-matrix

(m,=m, =0) (b, c); (m;=m, =1) (e, ) (n,=24; n,=22);

spherical

responses of 8-section

(m=m,=n=n,=24) (h, i)

L =1,=1).

filter (g, =9; ¢, =16;;

The Fig. 5 shows theoretical scattering parameters of
several bandpass filters on the spherical microresonators
with different H,_, whispering gallery modes. In this
case practically zero coupling between not adjacent
microresonators supports a good symmetry of the S-

matrix parameters relatively central frequency. The very
high quality of microcavity radiation causes a minimum
loss in the pass band of filters without additional
screening.

Conclusions

Analytical relationships for the coupling coefficients
of different spherical microresonators in the open space
has been obtained and investigated.

It's shown that the whispering gallery mode coupling
coefficients are described by more complicated spatial
dependencies.

The real and imaginary parts of the coupling
coefficients of the whispering gallery modes can be
differed more than one degree.

Structures of various microcavities, most suitable for
use in bandpass and bandstop filters are determined.

Mathematical models of filters are created, their
scattering characteristics are adjusted and analyzed.
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Tpyoin 0.0.

KoedinienTn 38’s13Ky pi3HUX chepHUHHX JieIeKTPHUYHUX MiKpope3oHATOPiB

Ipo6aemaTuka. [lopanpiie MiABUINCHHS IIBUAKOCTI INepeAaBaHHs iH(opMallii BU3HAYAETHCS PO3POOKOIO TiOPHIHUX
CXEM, SIKi 0JIHOYACHO 00'€IHYIOTh B CO01 €JIeKTPUYHI Ta ONTHYHI KOMIOHEHTH. OIHOT 13 BasKJIMBUX CKJIAJOBUX YAaCTUH ONTHYHHX
IHTeTpaIbHUX CXeM € pI3HOMaHITHI (UIBTPH, SKHA 3pyYyHO BHKOHYBATH 13 TaKk 3BaHUX C(HEPUYHHX MIKPOPE3OHATOPIB 3
KOJIMBaHHSIMH IIenouydvoi rajepei. Po3paxyHok mapameTpiB 0araTolaHKOBHX (DiJIbTPIB HEMOJKJIMBA 0€3 IOJaJbIIOr0 PO3BUTKY
Teopii X mpoekTyBaHHs. PO3BUTOK Liei Teopii 0a3yeThbesi HA eNEKTPOANHAMIYHOMY MOJIETIOBaHHI TPOIIECiB, SKi BiTOYBalOThCS y
CKJIAJTHMX CHCTEMax 3B'S3aHMX MIKPOPE30HATOPIB, 3B'S3aHMX TAKOXK 1 3 JIHIEKW Tepenavi. B HACTynmHUI 4ac OCIIHKCHHS
(imbTpiB, MOOYJOBAHHX Ha PI3HUX MIKPOPE30HATOPAX HE IIPOBOJIHIOCE.

Mera pociaigxkeHb. MeTow JOCHIDKEHb € po3po0Ka Teopii pO3CIFOBAHHS EJIEKTPOMATHITHUX XBHIJIb IHTETPAJbHUX
ONTHYHUX JIHIM Ha CHUCTEMax 3B'3aHUX MDK COOOI0 PI3HMX ONTHYHHUX MIKpOPE30HATOPIB 3 KOJUBAHHSIMU IIENIOUY4Oi rajaepei.
Po3poOka maremaTH4HMX Mojeied (UIBTPIB, BAKOHAHHUX 13 3aCTOCYBAaHHSAM Pi3HUX C(HEPUYHHUX MIKPOPE30HATOPIB 3 PI3HUMH
BUJIAMH KOJIMBaHb. JIOCTI/DKCHHS HOBHX CTPYKTYp 3B'SI3aHHX MIKPOPE3OHATOPIiB 3 TNPHUHHATHUMH XapaKTePUCTHKAMH
PO3CitOBaHHSI.

Metoanka peanizanii. {11 noOGynoBu MareMaTHYHOI MoJei (iIbTPIB 3aCTOCOBAHO IMPUOIM3HE BHUPILIEHHS CUCTEMU
piBHSHb MakcBena, 3aCHOBaHEe Ha 3aCTOCYBaHHI Teopii 30ypeHb. 3acTOCyBaHHI Teopil 30ypeHb TO3BOJIMIO 3HANTH BUPIMICHHS
3a7a4i po3paxyHKy S - MaTpulli GUIbTpa y aHATITHYHOMY BUIJISLI.

PesysnbTaTn gocaizkeHb. Po3pobieHa enekTpoAWHAMIYHA MOJETb PO3CIIOBAHHSA XBIJIb ONTHYHOI JIHIT Ha CHCTeMi
3B's13aHUX C(HEPUYHHUX MIKPOPE30HATOPIB PI3HUX PO3MIpIB 1 BUKOHAHUX i3 PI3HOTO JienekTpuka. JlocmipkeHi HOBI CTPYKTYpH
MIKpOPE30HATOPIB, SIKI peasli3yr0Th CMYT'OBI Ta PEKEKTOPHI (IIBTPI Ta pO3paxoBaHi iX XapaKTEPUCTHUKH PO3CIFOBAHHSI.

BucHoBku. Po3mupeHa Teopiss po3CiFOBaHHS €IIEKTPOMATHITHUX XBHJb Ha CHCTEMaX pI3HHMX 3B'SI3aHUX ONTHYHHX
Mikpope3oHaTopiB. Po3paxoBaHni koedilieHTH 3B'13Ky CepUUHUX MIKPOPE30OHATOPIB y BiakpuroMy npoctopi. [IoGynoBaHi HOBI
MoJieni (QiIbTPIB.

Kurouosi cioBa: indpauepBoHnii niamasoH; iHTErpaJbHa ONTHKA; ONTHYHUHA (QUIBTP; cMyroBuil (iNBTP; peKEKTOPHHI
(biTBTpP; MIKPOPE30HATOP.

Tpyoun A.A.

Ko3¢dpunmenTs! cBA3M Pa3InyHbIX c(hepuYecKHUX THIIEKTPHYECKMX MUKPOPE30HATOPOB

IMpodaemaTuka. B Hacrosiee BpeMsl [anbHEHIIee MOBBIIIEHHE CKOPOCTH 00pabOTKM M mepenadyd UHGOpMau
CBSI3BIBACTCS C PAacpabOTKOW T'HMOPUIHBIX HHTEIPAIBHBIX CXEM, OOBEAMHSIOMIUX B ceOe DICKTPUYECKHUE M ONTHYCCKUE
KOMITOHEHTBI. OJIHOW M3 B&KHBIX COCTAaBILSIFONIMX YacTel OYyIyIIUX ONTHYECKHX HHTETPATBHBIX CXEM SBISIOTCS (HIBTPBI,
KOTOpBIE yIOOHO BBIMONHATH, HCIOJIB3Ys TaK Ha3bIBaEMbIC AUCKOBBIE MUKPOPE30HATOPHI ¢ KOIEOAHMAMH LICMUyIIeH raiepen.
TexXHUYeCKH 3aj1a4ya U3rOTOBJICHHS MOJAO0OHBIX (GUIBTPOB B MH(PPAKPACHOM M Ja)Ke B BHIMMOM JHANA30HE JUTHH BOJH pPEIICHA,
OJJHaKO pacyeT IapaMeTpoB M HACTPOHKAa MHOTO3BEHHBIX (DMIBTPOB HEBO3MOXKHA Oe3 NalbHEHIIEero pa3BUTHS TEOPHH HX
MPOCKTUPOBAHU. Pa3BUTHE Takoil TEOPHH OCHOBBIBACTCS HA IJICKTPOJHMHAMHYECKOM MOJCIMPOBAHHU IIPOLECCOB, KOTOPHIC
MIPOHMCXOIAT B CIOXKHBIX CUCTEMaX CBSI3aHHBIX MHKPOPE30HATOPOB, CBSI3aHHBIX TAKXKe U C JIMHUEH nepenadn. B HacTosmee Bpems
uccieaoBanue GUILTPOB, IOCTPOSHHBIX Ha PA3IMYHBIX MUKPOPE30HATOPAX HE NPOBOIUIOCE.

Heabr wuccaenoBanmii. Llenpio ucciemoBaHUd SIBISETCS MOCTPOSHHUE TEOPHU PACCESHHS HIICKTPOMATHUTHBIX BOJH
MHTETPAIbHBIX ONTUYECKUX JMHUM Nepeauy Ha CHCTeMaX CBSI3aHHBIX MEXIy COOO0H pa3InYHBIX ONTHYECKUX MUKPOPE30HATOPOB
¢ KonebaHMSAMHM IIemuymerd ramuiepen. Pa3pa0oTka MaTeMaTH4ecKuX Mojeiell (UIBTPOB, BBINOJIHEHHBIX C NPUMEHEHHUEM
Pa3IUYHBIX JUCKOBBIX MHKPOPE30HATOPOB. McciieoBaHe HOBBIX CTPYKTYDP CBSI3aHHBIX MHKPOPE30HATOPOB C MPUEMICMBIMHU
XapaKTEePUCTUKAMU PACCESTHUS.

MeToauka peaju3anuu. [y MOCTPOSHUST MaTeMaTHIECKO Moaenu (GUIBTPOB MCHOIB30BAHO MPHOIMKEHHOE PeLIeHHe
ypaBHeHHI MakcBeiia, OCHOBaHHOE Ha NPHMEHEHHH TEOpPHUH BO3MYILICHWH. [IpuMeHeHHe TeopHuH BO3MYLICHWH ITO3BOJIMIIO
HaWTH pelIeHne 3a1auyl pacyeTa S - MaTpHLbl GUIBTPA B aHATTUTHYECKOM BHUJIC.

Pe3yabTaThl HcciaenoBaHmii. PaspaboTaHa 3JIEKTPOAMHAMHYECKAs MOJEIb PACCESHUS BOJH ONTHYECKOH JHMHHU Ha
CHCTEME CBSI3aHHBIX MHKPOPE30HATOPOB Pa3HOW (OPMBI M BBINOJHEHHBIX M3 Pa3sHOro AMAIEKTPHKA. llccrnenoBaHbI HOBEHIC
CTPYKTYPBI MHKPOPE30HATOPOB, PEANU3YIONIMX IOJOCOBbIE M PEXKEKTOPHbIE (DUIBTPHI U PACCUMTAHBI UX XaAPAKTECPHUCTHKH
paccesHusL.

BoiBoABI. PacimiipeHa TeOpusi paccesHHsl dIEKTPOMATHUTHBIX BOJH Ha CHCTEMax pa3HbIX CBSA3AHHBIX ONTHYECKUX
MHUKpPOpe30HaTOpoB. JlaHo HOBoe omnpeeneHne Kod)(OUIMEHTOB CBSI3H Pa3HBIX MUKPOPE30HATOPOB. [I0CTpOSHBI HOBBIE MOJIEIH
GUIBLTPOB.

KaroueBble cioBa: wH(pakpacHbIl Juana3oH; WHTETrpalbHAas ONTHKA; ONTHYECKHH (QUIBTP; MOJIOCOBOH (GHIBTP;
PEKEKTOPHBIH HHIBTP; MUKPOPE3OHATOP.





