30

UDC 621.372

ELECTRODYNAMIC MODELING OF ADD-DROP FILTERS ON OPTICAL
MICRORESONATORS

Alexander. A. Trubin

Institute of Telecommunication Systems
Igor Sikorsky Kyiv Politechnic Institute, Kyiv, Ukraine

Background. At the present time, further increase in the speed of processing and transmission 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 also with transmission line. At present, the study of filters built on different microreso-
nators has not been carried out.

Objective. The aim of the research is to construct the theory of scattering of electromagnetic waves of the integral optical
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 struc-
tures of coupled microresonators with acceptable scattering characteristics.

Methods. To construct a mathematical model of filters, an approximate solution of the Maxwell equations based on perturba-
tion 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 scattering of optical transmission line waves based on a system of coupled microreso-
nators of different shapes 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 ex-
panded. A new definition of the coupling coefficients of different microresonators is given. New models of filters are constructed.
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Introduction

The use of microresonators in the filters will allow us
to create optical communication and computation devic-
es with channel separation by wavelength in the integral
design, therefore the development of Add-drop filters is
an actual technical task. Today, the development of Add-
drop filters relies on modeling based on the use of
equivalent circuits, and in the case of using whispering
gallery modes (WGM), on the theory of connected lines
[1-8].

Statement of the problem

The purpose of this article is to apply the methods of
electrodynamic modeling of scattering processes on sys-
tems of optical microresonators based on the representa-
tion of coupled oscillations of microresonator systems

[9].

The filters electrodynamic modeling

To build electrodynamic models of the filters, the fol-
lowing assumptions were made:

It was assumed that a pair of degenerate orthogonal
WGM, characterized by a given parity relative to a plane
of symmetry A — A of the structure, is excited in each
microresonator (Fig.1, a).

All microresonators are coupled only with neighbor-
ing ones. They can also radiate to the transmission line
and to an open space.

We know the coupling coefficients of each microcav-
ity with the transmission lines, as well as all the coeffi-
cients of mutual coupling between them.

In all structures (Fig. 1, 3, 4, a), the transmission line

wave falls on the microresonator system through port 1.
So 2 is a Through port; 3 is a Drop port; 4 is an Add port
[1-8].
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Fig. 1. The structure of coupling microresonator and opti-
cal waveguide (a). Add-Drop Filter on N Ring microresona-
tors (b). Comparison of S-matrix of the 3-microresonator filter
from [4] and calculated by theory [9]:S,; - red; Sj;- green

curve.

Calculating parameters of Add-Drop Filters

At first, we calculated the frequencies of the coupled
oscillations of the microresonators, taking into account
the topology of the connection between themselves and
the transmission lines, as well as open space. Using a
system of equations [9], we calculated the frequencies
and amplitudes of coupled oscillations of partial micro-
resonators. In this case, the coupling matrix of the mi-
croresonators for the filter shown in Fig. 1, b was pre-
sented in the form:

K= Hi(ETSSI + 12?552 + E?\ISS(ZN—I) + f(?\lss(zm + lzOs)6sn +15,(1-8,)

Where &% - is the coupling coefficient of the Ist mi-
croresonator with the transmission line 1-2 (Fig. 1, b) on
an even (or odd) oscillation; k£’ - is the coupling coeffi-
cient of the Nth microresonator with the transmission
line 3-4 also on an even (odd) oscillation; lgos is the

coupling coefficient of the microresonator with Open

Space; K, =ki3 =k5;, if |s—n|:l and Kk, =0 in

other cases.
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Fig.2. Example of S-matrix dependences calculation on a
frequency for Add-Drop Filters shown in Fig. 1, b, for the 2-5
microresonators. Coupling coefficients of the first and last

microresonators with transmission lines: k¢ =3-10"" for
even oscillations; £ =2-107* for odd oscillations. Open
Space microresonator coupling coefficients: kg =1+ 107 .
Mutual coupling coefficients of the microresonators for even

oscillations:  k{, = k3, =2,5-10_4; for odd oscillations

h=k) = -2,5-107". Frequency of free microresonator

oscillations f;, = 200 THz.

The found eigenvalue A and eigenvectors of the ma-
trix K

_le bfz bIeZN_
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g (B B BN
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were used to solve the scattering problem on a system of
coupled microresonators.
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The reflection and transmission coefficients were de-
termined from the ratios [9]:

Q° WNdetB?

2

~detB 5Q,(0)

T, (®) =9,, ., (2)

where for Add-drop filter:
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QP - is the dielectric Q-factor of the resonators;

o, = 2nf,; f, - is the oscillation frequency of isolated

microresonators; Here a,b take values even or odd
depending on the type of sth microresonator oscilla-
tions.; Cji - is the expansion coefficient of the sth micro-
resonator field with a - mode on the propagating wave of

the transmission line; w_ - is the energy stored in the

microresonator dielectric; I'- is the longitudinal wave

number of the transmission line; z_ - is the longitudinal
coordinate of the nth microresonator center. The scatter-
ing matrix coefficients: S_; =20 1g|T1v| :

Double-channel SCISSOR parameters calculation

The coupling matrix of SCISSOR (side-coupled inte-
grated spaced sequence of resonators) shown in Fig. 3,
has the form:

K= Hi(f(?u)s + 1;?34)5 + 1EOS)Ssn + Ksn (1 - 8sn)

ra e,
Here ki, =k

sth microresonator with the vth transmission line.

- is the coupling coefficient of the

K, = kg, +1k®** - is the complex coupling coefficient

of the microresonator.
Formally, the filter transfer coefficient is (2), but for
the SCISSOR structure:
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Here a also takes values even or odd depending on
the type of u th microresonator oscillations.
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Fig. 3. S-matrix parameters calculation of Double-channel
SCISSOR shown in Fig. 3, a, for the 3 microresonators. Cou-
pling coefficients of the microresonators with transmission

lines: ];52) = 12(834) =3.10" for even oscillations;

~(012) = ~(034) =210 for odd oscillations. Open space and

microresonator coupling coefficients: kg =1+ 1077 . Mutual

coupling coefficients of the microresonators for even oscilla-

tions: k), =ky =1- 10*;  for odd oscillations

0 =k9 =-1-10"". Frequency of free microresonator

oscillations f, = 200 THz.

Twisted double-channel SCISSOR parameters calcu-
lation

The coupling and B} matrices of the Double-channel
SCISSOR, shown in Fig. 4, have the form:

9

K = Hi(12§ +Kog)dy, +1,,(1-5,)

where l~<:1 = 12?12)5 if s<N and l~(: = 12?34)5 if s>N.
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Here kg, =k, +il~<23 the complex coupling coeffi-
cient [9]. For microresonators with the same longitudinal
coordinates kg, =k, =ki, where ki is the mutual

coupling coefficient of "vertically coupled" microcavi-

ties.
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Fig. 4. S-matrix parameters of twisted double-channel
SCISSOR shown in Fig. 4, a, for case of 3 microresonators.
Coupling coefficients of the microresonators with transmis-

sion lines: /:T(elz) = ~é4) =3-10" for even oscillations;
~(012) = ~(034) =3-10" for odd oscillations. Open Space

microresonator coupling coefficients: lgos =1-10" . Mutual
coupling coefficients of the microresonators for even oscilla-
tions: k), =k5, = 2-107; ky = 9-10™ for odd oscilla-
tions kj, =k3, = -2-107; ky =-9- 107 Frequency of

free microresonators oscillations f, = 200 THz.

Calculation of filter scattering parameters

Relations (1-4) were used for calculation of the fre-
quency dependences of the filter scattering characteris-
tic.

Fig. 1-4 shows the frequency dependences of the
modulus of the scattering matrices of the filters shown in
(Fig. 1, b; Fig. 3, 4, a).

The results of the calculation of the dependence of
S, (f) (red) and S;,(f) (green curve) according to (1-

3) as compared with the calculation data taken from [4]
for 3 microresonator add-drop filter are shown in Fig. 1,
c.

Fig. 2 shows theoretical scattering parameters of sev-
eral add-drop filters on the 2-5 microresonators.

As can be seen from the obtained data, the construct-
ed model correctly describes the transfer of power to the
corresponding filter ports for different numbers of mi-
croresonators.

Discussion and Conclusions

In the paper, we used the real numerical values of the
mutual coupling coefficients of microresonators. Also
we neglected the small values of the imaginary parts of
the mutual coupling coefficients in the open space. Oc-
casionally the real and imaginary parts of the mutual
coupling coefficients may have close values [9], which
should be taken into account in more accurate modeling
for specific forms of microresonators.

In general, a comparison of the filter scattering pa-
rameters showed that, in our opinion, Add-drop filters
have the best performance.

The proposed universal algorithm, based on the use
of perturbation theory for Maxwell's equations, allows us
to construct new analytical models of filters, as well as
quickly optimize their scattering characteristics. The pre-
sented filter models make it possible to more deeply in-
vestigate the mechanisms of interaction between micro-
resonators in novel multiply-connected optical struc-
tures.
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Ipodnemaruka. [lopanpiie mifBUIICHHS IBUIKOCTI mepeiaBaHHs iH(OpMalil BU3HAYAETHCS PO3POOKOI0 IHTETpaibHUX
CXeM, SIKi 0THOYACHO 00'€/JHYIOTh B 001 (YHKIIT pi3HUX NPUHMAIbHO-TIEpeAaBAIbHUX PUCTPOiB. OJIHIEIO 13 BAXKIMBUX CKIIa/10-
BHX YACTUH ONTHYHMX IHTETPAJIBbHUX CXEM € PI3HOMaHITHI (iIbTPH, SIKI BAKOHYIOTHCS Ha Tak 3BaHUX MIKPOPE30HATOpax 3 KOJIH-
BaHHSMH ranepei, 1o mernoye. TexXHiuHO mpobiieMa BUTOTOBJIEHHS NOJIOHUX (IIBTPIB B IHPpauYepBOHOMY 1 HAaBITh Y BUIUMOMY
Jiarna3oHi JJOBXWH XBHJIb BUPILIEHA, OJTHAK PO3PaxXyHOK MapamMeTpiB 1 HAaCTpOiKa OaraTodaHKOBHX (iIBTPIiB HEMOXIHNBA Oe3 Mmo-
K1 BII0YBaIOThCS y CKJIQJHNX CHCTEMaXx 3B'I3aHMX MIKPOPE30HATOPIB, 3B'SI3aHUX TAKOX 1 3 OaraTbMa JiHIIMHU nepenadi. B nannii
9ac JOCHiKEHHS QUTbTPiB, MOOYIOBAaHNX HA PI3HUX MIKPOPE30HATOPAX HE MPOBOIMIOCS.

Merta gociimkenb. MeTO0 JTOCTIIKEHb € pO3poOKa Teopii po3CilOBaHHS eNEKTPOMATHITHIUX XBIUIb IHTETPATbHUX OTNITHIHHUX
TiHIA Ha CHCTEMax 3B'I3aHUX MK COO0I0 ONTHYHHUX MIKPOPE30HATOPIB 3 KOMMBAHHAMH Tanepei, mo menode. Po3podka maTema-
THaHUX Mojened Add-drop GinbTpiB, BUKOHAHMX HA OCHOBI ONTHYHHMX MIKpOpe30oHATOpiB. JOCIiIKEeHHSI PI3HUX CTPYKTYP 3B'S-
3aHHX MIKPOPE30HATOPIB 3 MPUHHATHUMH XapaKTEPUCTHKAMH PO3CIOBaHHS.

Metoanka peanizamii. {111 moOy10Br MaTeMaTHIHOI MOJIENI (ITETPIB 3aCTOCOBAHO TPHUOIN3HE BUPIMICHHS CHCTEMHU PIBHIHB
MaxcBena, 3acHOBaHE Ha 3aCTOCYBaHHI Teopii 30ypeHb. 3acTocyBaHHI Teopii 30ypeHb TO3BOIMIO 3HANTH BUPIIICHHS 3a1a9i Po3-
paxyHky S - Matpuni Add-drop GinbTpiB y aHATITHIHOMY BUTIIAAL

Pe3yabTaTi focaixkenb. Po3podieHa enekTpoanHaMidHa MOIENb PO3CIFOBAHHS XBIJIb ONTHYHOI JIiHIi HA CHCTEMI MOB'sI3a-
HHX MIKpPOPE30HATOPIB pi3HOI (OPMHU 1 BUKOHAHHX 3 PI3HOrO AiedekTpuka. J{ociipKeHo HOBI CTPYKTYpH MIKpOpE30HATOPIB, 10
peastizyroTh CMYTOBI 1 peXKEKTOPHI (GiNbTPH 1 po3paxoBaHi iX XapaKTepPUCTUKN PO3CIFOBAHHSL.

BucnoBku. Po3impena teopist po3citoBaHHs eJIEKTPOMATHITHUX XBHJIb Ha CHCTEMaX 3B'S3aHHX ONTHYHHX MIKPOPE30HATOPIB
y HOBHX 0arato 3B'I3HUX CTPYKTypaxX ONTHYHUX JiHii. [loOymoBaHi HOBI Mozeni (inkTpiB. Po3paxoBaHi 4acTOTHI 3aJICKHOCTI
KoeilieHTIB MaTPHIb PO3CIFOBAHHSI.

Kurouosi cioBa: [ndpadepBonuii gianason; inrerpanbHa ontuka; ontuaauid Add-drop ¢ineTp; Mikpope3oHaTOp; MOJEIIO-
BaHHSL.
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Tpyoun A.A.
JaexTpoauHamMuyeckoe Moaesnupopanue Add-drop ¢puiabTpoB Ha ONTHYECKHX MHKPOpe30HATOPaX

IpodsiemaTuka. B Hacrosmiee Bpems fabHEHIIEe MOBBIIEHHE CKOPOCTH 00paOOTKH U Mepeaun HHPOPMAINH CBSA3BIBACTCS
¢ pacpaboTKOW THOPHIHBIX MHTETPATBHBIX CXeM, OOBEANHAIONINX B ce0e IMEKTPUUECKHE M ONMTHYCCKIE KOMIOHEHTH. OHON 13
B&XHBIX COCTABIIAIOIINX YacTel OyMyIINX ONTUYECKUX MHTETPATBHBIX CXEM SIBISIOTCS (DMIIBTPBI, KOTOPbIE YAOOHO BBINOIHATS,
UCIONB3YS TaK Ha3bIBAEMbIC AMCKOBBIE MUKPOPE3OHATOPBI C KOJICOAHMSIMU HIeTdyIel rajmiepen. TeXHHUecKn 3a/1a4a U3roToB-
JICHHS TIOJO0HBIX (PUIBTPOB B MH(PAKPACHOM U JaKe B BUAMMOM JHANa30He JUTHH BOJH PEIICHA, OJHAKO pacyueT MapamMeTpoB U
HACTpOiKa MHOT03BEHHBIX (DMIIBTPOB HEBO3MOXKHA 0€3 JaJbHEHIIEro pa3BUTHs TEOPUM MX MPOSKTUPOBaHMs. Pa3zBuTHe Takoii
TEOPUU OCHOBBLIBACTCA HA DJICKTPOAMHAMHUYCCKOM MOJCIUPOBAHNH TIPOLECCOB, KOTOPBLIE MPOUCXOJAT B CJIOKHBIX CUCTEMAX CBA-
3aHHBIX MHKPOPE30HATOPOB, CBA3aHHBIX TAKXKE U C JIMHHEH Nepeaadn. B Hacrosiee Bpems uccieoBanie (GHIbTPOB, MOCTPOe-
HHBIX Ha Pa3IUYHBIX MUKPOPE30HATOPAX HE MPOBOIUIOCE.

ean ncenenoBanmii. Llenso uccnenoBanuil ABnsSeTCA NOCTPOSHUE TEOPHU PACCESHUS HIEKTPOMATHUTHBIX BOJIH HUHTETPANlb-
HBIX ONTUYECKUX JIMHHUH Tepeaaun Ha CHCTEMax CBS3aHHBIX MEXTY COOOH PasMMUHBIX ONTHYECKUX MHKPOPE30HATOPOB C KoJe-
OanmsMu meruynieil rauiepen. Pa3paboTka MaTeMaTHIeckix Mojenel GpUIbTPOB, BHITIOJIHEHHBIX C MPHUMEHEHHEM PasInYHBIX
JMCKOBBIX MHKpOpe30HaTopoB. MccnenoBanne HOBBIX CTPYKTYP CBSI3aHHBIX MUKPOPE30HATOPOB € IPUEMIIEMBIMU XapaKTEPUCTH-
KaMH PacCesHusL.

Metoanka peanusauuu. {1 MoCTpOeHHS MaTeMaTHYECKOH MoJend (QHIBTPOB HCIONB30BAHO NPHOIMKEHHOE pPEIIeHHE
ypaBHEHUIl MakcBensa, OCHOBAaHHOE Ha NPUMEHEHUM TEOpUM BO3MyLUeHWH. [IpuMeHeHHe Teopuu BO3MYLIEHHH [03BOJIMIO
HallTH peleHne 3a1a4n pacyeTa S - MaTpuLbl GUIbTPa B aHATUTHYECKOM BUJIE.

PesyabTaThl nccienoBanmii. Paspaborana 371eKTPOIMHAMUICCKAS MOJICTb PACCESIHUS BOJH ONTUYCCKOM JIMHUU HAa CHCTEME
CBSI3aHHBIX MHUKPOPE30HATOPOB Pa3HOM (h)OPMBI M BBINOJIHEHHBIX M3 PA3HOTO AMAIEKTpUKa. VccnenoBaHbl HOBbIE CTPYKTYPhl MHU-
KpOpPE30HATOPOB, PEATU3YIOIIHX TI0JIOCOBBIE M PEXKEKTOPHBIC (PUIBTPHI M PACCUUTAHBI MX XapaKTEPUCTUKU PACCESHHUS.

BeiBoabl. Pacmmpena Teopus paccesHHs IEKTPOMArHUTHBIX BOJIH HA CUCTEMAX PA3HBIX CBA3AHHBIX ONTHYECKUX MUKpPOpeE-
30HaTOpOB. JlaHO HOBOE ompeseeHre KO3((HUIMEHTOB CBA3HM PA3HBIX MHUKPOPE30HATOpPOB. [10CTpOCHBI HOBBIE MOJEIH (HHITb-
TPOB.

KuroueBble cioBa: nH(paKkpacHbIil [Uana3oH; HHTETPaJIbHAS ONTHKA; ONTHYECKUH (DHUIBTD; TOJIOCOBON (DHIIBTD; PEKEKTOP-
HBIH QUIBTP; MEKPOPE3OHATOP.



