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We consider a system of ring microresonators with whispering gallery oscillations of ultrahigh-Q, which are
widely used to construct various integrated filters of the optical wavelength range. Using the perturbation
theory, an electrodynamic model has been developed that describes a complex system of coupled mi-
croresonators with doubly degenerate types of natural oscillations, as well as located between two different
transmission lines. General analytical expressions are obtained for describing the non-mutual characteristics
of the scattering of the eigenwaves of a line on a system of optical microresonators that form a channel splitter.
The frequency dependences of the scattering matrix of optical filter couplers with several communication
channels are calculated. Based on the constructed analytical model, the time Green’s functions are calculated
for filters with serial coupling between microresonators, filters with microresonators coupled along the side
wall and two transmission lines, as well as filters built on a double lattice of microresonators coupled along two
transmission lines. The envelopes of optical pulses scattered by filters into various channels are considered.
The envelopes of a rectangular and Gaussian single pulses scattered by 10-cavity filters of various designs
are studied. The mutual influence of several rectangular as well as Gaussian pulses during their scattering
by multilink optical splitters is investigated. Based on a comparison of the data obtained for the three
types of structures, it is concluded that filters with laterally coupled microresonators are preferred. The
obtained practical simulation results can significantly reduce the computation time and optimize complex
multi-resonator structures of optical communication systems that simultaneously perform the functions of
separation, or combination of channels.
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Introduction

Optical filters built on the basis of microresonators
are widely used in various devices of the optical and
infrared wavelength ranges [1-14]. The most promis-
ing is the use of dielectric microresonators in optical
communication systems for the separation and combi-
nation of channels in WDM technologies. To solve
this problem, it is proposed to use the so-called Add-
Drop filters. Of greatest interest are filters built using
planar structures of microresonators. The better part
studied Add-Drop filters are divided into filters with
sequential arrangement of microresonators and filters
with lateral connection with optical transmission lines.
Each of these types of filters has its own advantages and
disadvantages. However, no comparative analysis of the
filters was carried out. To compare the characteristics
of the filters, it is desirable to study the scattering of
optical pulses. Currently, only frequency response of
scattering matrices of Add-Drop filters is considered.
The scattering of optical pulses by such filters has not
been fully investigated.

1 Statement of the problem

The purpose of this article is analysis of envelopes of
optical pulses scattered by different Add-Drop filters;
research of the best type of filters for transmitting
optical pulses with minimal distortion. An analytical
solution to the pulse scattering problem can be obtai-
ned by calculating and applying the temporal Green’s
functions [10]. In this case, we will only be interested in
the pulse envelopes in the input and output transmi-
ssion lines of the filter. As a result, the solution to the
problem is obtained in a simplified form of an integral
of the time Green’s function and the envelope of the
incident pulse.

2 Calculation Green’ functions of
the Add-Drop filters

Suppose we have a complex system of the N
coupled microresonators, which is located in open
space and a part of it also coupled with two different
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transmission lines (Fig. 1-3,a). Suppose that each of
the microresonators has a doubly degenerate type of
natural oscillations on the frequency wy = 27 f, each
of which is characterized by a given symmetry with

respect to the selected plane: even (éﬁ,ﬁi), or odd

(€2,h) [15]. Let a wave (E+,ﬁ+) falls on 1 port of

the system via regular transmission line (Fig. 1-3,a).
The eigenoscillation field of the system of N di-

electric resonators we represented as a superposition of

isolated fields of the resonators of even and odd types:
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of the amplitudes of coupled microresonator oscillati-
ons b;"”® should satisfy the equation system as an
eigenvector of coupling operator K [12]. The found
eigenvalue A = 2(dw—+iw”)/wo; (dw = Re(w—wp); W’ =
Im(w)) and eigenvectors of the matrix K we used for
solving the scattering problem of the wave (E*+, H™)
on a system of coupled microresonators of the filter. For
the solution of the problem we represented decomposi-

tion:
2N

E~E* —|—Zasé's;
s=1
2N
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where a® are the unknown amplitudes (s = 1,2, ...,2N)
and (2%,h°) are the s-th eigenoscillation field of
the coupled microresonator system (1) with complex
frequency ws.

As a result, the transfer coefficient between the 1
and v ports is determined from the expression [15]:

where Q,(w) = w/wy + 2iQP (w/wy — 1 — Xs/2);
QP —is the dielectric Q-factor of the microresonators
(v = 1,...,4). An expression of the matrix B is
presented below ((9), (11),(13)) for a specific kind of
filter topology.

The time-domain Green’s function of the Add-Drop
filter, as follow from [10], can be obtain from (4) taking
into account the principle of causality:
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The field E°“'(t) in the plane of “first” mi-
croresonator center of the v-th port of the filter at the
moment ¢ is a integral on falling pulse Ei"(t):

t
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— 00
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3 Calculating pulses scattering
by Add-Drop filters

The design of the simplest Add-Drop filter is shown
in Fig. 1,a. In this case, the coupling matrix of the
microresonators we represented in the form:

K = ||i(k$061 + k052 + ki dsan—1)+

- - 8

+ k']ov(ss(QN) + kOS)(Ssn + Hsn(l - 68”)”7 ( )
where k$° — is the coupling coefficient of the 1st mi-
croresonator with the transmission line 1-2 (Fig. 1,a)
on an even (or odd) mode oscillation; k5? — is the
coupling coefficient of the N-th microresonator with
the transmission line 3-4 also on an even (odd) osci-
llation; kos — is the coupling coefficient of the mi-
croresonator with open space; kg, = kiy = ks;” —is the
mutual coupling coefficient between microresonators,
if |s—n| =1 and ks, =0 in other cases; ds; — is the
Kronecker §-function.
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In this case, index s is determined by the column
number in matrix B. Here

ot = (et ) wown) = (Rl Joe M Cm =,

—il(2m+2n)
mn mn)oe ’

fab—+ _ (anicf;j»*)/(WO’lUn) _ (]Eab
c®* — is the expansion coefficient of the n-th mi-
croresonator field with @ — mode on the propagating
wave of the transmission line [12]; w,, — is the energy
stored in the dielectric of microresonator; I' — is the
longitudinal wave number of the transmission line;
zn — is the longitudinal coordinate of the n-th mi-
croresonator center.

In Fig. 1,b-e shows the results, based on (2-9),
of the dependences on the frequency of the S-matrix
(Sy1 =201g |T1,|) of a 10-section Add-Drop filter. As
can be seen from the above data, the filter has minimal
attenuation between ports 1-4.

The calculation results of the envelopes of
rectangular and Gaussian pulses reflected and transmi-
tted through the filter, calculated using (5-9), are
shown in Fig. 1,f-i. As follows from the data obtai-
ned, the passage of pulses through a chain of mi-
croresonators is accompanied by a noticeable delay
in time. The magnitude of the delay increaseswith
increasing number of resonators. The envelopes of the
transmitted pulses with not wide enough filter pass
bands tend to a Gaussian-like distribution. With the
simultaneous scattering of several pulses (Fig. 1,h,i),
their distinguishability is determined by the passband
of the filter, the width and the relative distance
between them. It should also be noted that the relative
amplitudes of the initially identical pulses change as
they pass through the filter.
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Fig. 1. A - laterally coupled microresonator filter. S-matrix responses of the 10-section bandpass filter as

functions of frequency (b-e). Coupling coefficients of the first and last microresonators with transmission lines:

kS, = 3,4 - 107 for even oscillations; k2, = 3,48 - 10™* for odd oscillations. Open Space microresonator

coupling coefficients: kos=1-10"". Mutual coupling coefficients of the microresonators for even oscillations:

k§y = k§;=2,4-107%; for odd oscillations k§, =kS; =—2,4-10~*. Frequency of free microresonators oscillations

fo=200THz; QP =10°. The envelops of the rectangular (f h); Gaussian (g,i) pulses, scattered by 10-section
bandpass filter.

4 Calculating pulses scattering
by Double-channel SCISSORs

The sketch of parallel coupled microresonator Add-
Drop filter is shown in Fig. 2 ,a. In this case, each
microresonator is coupled simultaneously with two
transmission lines.

The K-matrix of SCISSOR (side-coupled
integrated spaced sequence of resonators) has the form:

K= Hi(l%?u)s+§:g34)8+1505)5m+/fm(1—6sn)

‘. (10)

Formally, the filter transfer coefficient is also (4),
but for the SCISSOR structure shown on Fig. 2, a:
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Here l;?v)s = I;(qus is the coupling coefficient of the
s-th microresonator with the v-th transmission line;
Ksn = ken + il%‘s’gii is the complex mutual coupling
coefficient of the microresonators [12]. Here a, b takes
values even or odd depending on the type of wu-th
microresonator oscillations.

As known, Double-channel SCISSOR is characteri-
zed by a transfer function with minimal attenuation

to the port 3 (Fig. 2,b,c). The delay in the pulses
during transmission through a filter is minimal, but
is characterized by their visible distortions (Fig. 2,d-
g) as well as uneven frequency response (Fig. 2,b,c).
Apparently this is due to beats that occur between the
microresonators of this structure due to the mutual
connection along the propagating waves of both lines.
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Fig. 2. Parallel coupled microresonator Add-Drop filter on Double-channel SCISSOR, (a). S-matrix responses

of the 10-section Add-Drop filter as functions of frequency (b, ¢). Coupling coefficients of the microresonators

with transmission lines: I%ftm :/;gm =1,2-10"*. Open Space microresonator coupling coefficients: kos=1-10"".

Mutual coupling coefficients of the microresonators for even oscillations: k§,=k§; =3-10~°; for odd oscillations

k$y = k9 = —3 - 107°. The envelops of the rectangular (d,f); Gaussian (e,g) pulses, scattered by 10-section
Add-Drop filter.
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53 Calculating pulses scattering The sketch of Twisted Double-channel SCISSOR is

Twi shown in Fig. 3, a.
by isted Double-channel The coupling and B; matrices of the Double-
SCISSORs channel SCISSOR has the form:

K = H Z(];)g -+ ];OS)ésn + Hsn(]- - 5577,) P (12)

To increase out-of-band attenuation, the use of so-

called Twisted Double-channel SCISSORs is proposed. where I;;g =ko. . if s < N and l%g =k, if s> N.
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Fig. 3. Optical Add-Drop filter on a Twisted double-channel SCISSOR. (a). S-matrix responses of the 10-section

Add-Drop filter as functions of frequency (b, c). Coupling coefficients of the microresonators with transmission

lines: k¢,, =k2,, =2-10"%. Open Space microresonator coupling coefficients: kos=1-10"" . Mutual coupling

coefficients of the microresonators for even oscillations: k§, = k§;, = 2 - 1075; for odd oscillations k{, = kg, =

—2-107% k¢ =4-107% kY = —4 - 107°; fo = 200 THz; QP = 10°. The envelops of the rectangular (d, f);
Gaussian (e, g) pulses, scattered by 10-section filter.
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Here also kg, = kgp, + zl;‘s‘f; the complex coupling
coefficient [12]. For different microresonators with the
same longitudinal coordinates ks, = ks, = k{,, where

¢, is the mutual coupling coefficient of "vertically
coupled” microcavities (Fig. 3, a).

Twisted Double-channel SCISSOR is characterized
by a minimal attenuation to port 4 (Fig. 3,b,c).

The transmission of pulses through such a filter is
characterized by their large distortions (Fig. 3,d,e),
and in addition, by the phenomena of elevated mutual
interference (Fig. 3,1, g).

6 Discussion and Conclusion

As follows from our calculations, the use of parallel
structures of microresonators, such as Double-channel
SCISSOR and Twisted Double-channel SCISSOR,
leads to an increase in out-of-band attenuation, but
is accompanied by processes of destructive interference
of pulses which is unacceptable for use in separation
of communication channels with increased speeds. The
best scattering parameters are possessed by filters with
laterally coupled microresonators.

In this paper, we have extended the scattering
theory of the electromagnetic pulses on Add-Drop
filters of receiving and transmitting optical communi-
cation systems. The proposed theory can be used to
model and optimizing wide class of multiplexers, of the
optical communication systems.
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Po3sciroBauusa ONTUYIHUX iMITyJIB-
ciB ¢inbTpaMu-posrajgyKyBadamMu Ha
JieJIEKTPUYIHUX MiIKpOpe3oHaTopax

Tpybin O. O.

Posrasgmaerbesa cucremMa KiIbIEBUX MIKPOPE30HATOPIB
3 KOJIMBAHHSIMU IIETOYydeil rajepel HaJBUCOKOI J00POTHO-
CTi, sIKi MUPOKO BUKOPUCTOBYIOTHCS NI MOOYIOBU Pi3HO-
MaHITHHX 1HTErpaJbHUX (DILIBTPIB ONTUIHOTO IiATA30HY
JOBYKUWH XBUJIb. 33 JOIIOMOTOI0 Te€OPil 30ypeHsb po3pob/ieHa
€JIEKTPOIMHAMIYHA MOJE/Ib, IKa OIUCY€E CKIAIHY CHCTEMY
3B’d3aHUX MiXK COO0I0 MIKPOPE30HATOPIB 3 JIBOKPATHO BHU-
PO/I’KEHVMMY THIIAMU BJIACHUX KOJIMBAHb, & TAKOXK PO3TAIIIO-
BaHUX MiXK JBOMa pizHUMU JiiHigMu nepemadn. Orpumani
3arajibHI AHAJIITAYHI BUPA3W I ONKCY HE B3AEMHHUX Xa-
PAaKTEPUCTUK PO3CIIOBAaHHSA BJIACHUX XBHJIb JIiHII Ha CHCTe-
Mi ONITHYHUX MIKPOPE30HATOPIB, sIKi yTBOPIOOTH (BiabTp-
posranyxkysad. Po3paxoBami 9acTOTHI 3a1€2KHOCTI MaTPHUII
PO3CIIOBAHHS ONTHYHUX (DIIBTPIB-PO3TAIYyKYBAUIIB 3 [1€-
KiIbKOMa KaHaJjiaMu 3B’s3Ky. Ha ocHOBI moOymoBaHOi ama-
mitraaol Momesi, po3paxoBaHi dacoBi dyukmil ['pina mis
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GinbTPIB 3 MOCIIOBHUM 3B’ SI3KOM MiK MIKPOpPE30HATOpa-
Mu, GiThTpiB 3 MiKpope3oHaTOpaMm 3B’S3aHWME IO 6O-
KOBi#l CcTiHIi, Ta ABOM JiHIAM Iepemadm, a TaKOX Giab-
TpiB, mMOOyHAOBaHMX HA MOABIMHIA pemiiTii MiKpOpe30oHa-
TOpiB, 3B’A3aHMX 3 OBOMA JIHIAMM Tepemadn. 3a IOTOo-
MOTOI0 BUKODHCTAHHS 3HANWIEHUX wUacoBux GyHKIi I'pi-
Ha, PO3PAXOBAHI OTMHAIOYl ONTUYHUX IMITYy/IbCIB, PO3CiIOBa-
HIX (DIIBTPAMU-PO3TAIYKYBAYAMU B Pi3HI KAHAIN 3B’SI3KY.
Po3ryigaryTi ormHaiowi npaMokyTHOTO Ta ['ayccoBckoro onn-
HOYHUX IMITyJIbCiB, po3citoBanux Ha 10-pe3onaTopuux dinb-
TpaxX PI3HUX KOHCTPYKI#. JloC/TimKeHo B3a€MHMI BILJIUB
JEeKITbKOX NPAMOKYTHHX, a TaKOXK layccoBCKUX IMITynb-
ciB mpu IX PpO3CilOBaHHI Ha 6araTOJAHKOBUX OITAYIHUX
dinbprpax-posramyxysadax. Ha ocHOBI MOpiBHSHHS OTpH-
MaHUX JAHUX [JIsT TPHOX HAMOIIbII IOMIMPEHNX BU/IB KOH-
CTPYKIIiil, 3p06J/IeHO BUCHOBOK IIPO II€PeBary 3aCTOCYBaHHS
GigbTpiB 3 MOCIIIOBHO 3B’S3aHUMHN MiKPOPE30HATOPAMMI.
OrpumaHi NPAKTUYIHI PE3yIbTATH MOIETIOBAHHS T03BOJIS-
IOTh CyTTEBO CKOPOTHUTH YacC PO3PAXYyHKIB T ONTUMI3yBaTH
CKJIaaHI 6araTope30HATOPHI CTPYKTYPHU ONTHIHUX CHCTEM
3B’3KYy, OJHOYACHO BUKOHYIOUMX (DYHKITI PO3MOILIY, abo
00’eiHAHHSA KaHAJIIB.
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PaccmarpuBaercs cmcrema KOJBIEBBIX MHUKDPOPE30HA-
TOPOB C KOJI€OaHUAMU IIEIrdynieil rajiepen CBEPXBBICOKOU
JOOPOTHOCTH, TMUPOKO MPUMEHSIEMBIX JIJIsi TIOCTPOEHUS pa-
3/IMYHBIX WHTErPAIBHBIX (DUIBTPOB ONTHIECKOTO IHAlla-
3ona Ay BosiH. C LOMOIIBIO TEOpUU BO3MYILIEHUIT pa-
3paboTaHa 3JIEKTPOJAMHAMUYECKAsT MOEJb, OIMHCHIBAIOIIAST

CJIOXKHYIO CHUCTEMY CBI3aHHBIX MeEXKIy C000iI MHKpPOpe30-
HATOPOB C ABYKPATHO BBIPOXKIEHHBIMU THIAMU COOCTBEH-
HBIX KOJIEOAHMII, & TaKXKe€ DPACIOJIOKEHHBIX MEXKIY IBYMs
pa3HBIMU JIMHUSMU Tepemaqdn. llosydenst obmiue aHasm-
THYECKNEe BBIPAYKEHUS [JIsT ONMMCAHUS HEe B3aMMHBIX Xapa-
KTEPUCTUK PACCESHUsS COOCTBEHHBIX BOJIH JIMHUU HA CHU-
CcTeMe ONTUYeCKNX MHUKPOPE30HATOPOB, KOTOPbIe 00pa3yioT
burpTp-pa3BeTBATENH KAHAJIOB. PaccumTaHbl “aCTOTHBIE
3aBUCHMOCTHY MATPULBI PACCESHUS OITUYIECKUX (DUIBTPOB-
pa3BeTBUTEEH C HECKOIbKUMU KaHaaMu cBs3u. Ha ocHose
TIOCTPOEHHON AHAJMTUIECKON MOIEIN, PACCUUTAHBI Bpe-
Menuble Gyukmun ['puma mis GuibTpoB ¢ mocsiesoBa-
TEeJIbHON CBA3BI0 MEXKIy MHUKPOPEe30HATOpaMu, (puIbTPOB
C MUKPOPE30HATOPAMM, CBSI3QHHBIMU IO OOKOBOIl CTEHKe
¥ ABYM JIMHHUSM IIepeJadn, a TakkKe (PUIbTpoB, MOCTPO-
€HHBIX Ha JIBOMHON pemeTke MUKPOPE30HATOPOB, CBA3aH-
HBIX TI0 JBYM JIMHHUSM mepemaqdn. Paccmorpenst ormbaio-
Iyie ONTUYECKUX HMIIYJIbCOB, PACCeNBaeMbIX (huiibTpamu-
Pa3BeTBUTE/ISIMU B PA3/IMYHble KaHaabl. PaccmMorpenst oru-
GaroIye IPsIMOYTOJIbHOTO U ['ayCcCOBCKOTO OJMHOTHOTO MM-
NyJIbCOB, paccemBaeMblX Ha 10-pe30HATOPHBIX GUIBTPAX
pa3u4HO KOHCTPYyKImu. llcciemoBaHO B3amMHOE BJIHSI-
HHMe HEeCKOJIbKUX MPSMOYTOJIbHBIX, a Takke [ayccoBckmx
WMIIYJIbCOB IIPH WX DACCeSHUM Ha MHOTO3BEHHBIX OIITH-
geckux ¢uabrpax-pas3persuresisix. Ha ocHOBe CpaBHEHUs!
TIOJIy9Ie€HHBIX JAHHBIX I TPeX BUIOB KOHCTDYKITHI, CIe-
JIAH BBIBOJ O MPE/IMOYTUTETHHOCTH IPUMeHeHUs (DUIBTPOB
C [IOCJIeJOBATE/IbHO CBA3aHHBIMYU MUKpOpe3oHaTopamu. lo-
JIyI€HHBbIe MPAKTUIECKNE Pe3y/IbTaThl MOJEJMPOBAHUS II0-
3BOJIIOT 3HAYUTEIBHO COKPATUTH BPEMs BBIYUCIEHUN U
ONTUMHU3UPOBATDH CJIOKHBIE MHOIOPE30HATODHBIE CTPYKTY-
PBI OITUYECKHUX CUCTEM CBSI3H, OJHOBPEMEHHO BBIIIOJIHSIO-
mue GyHKIMY pa3jeieHns, Win 00 beINHEeHNsT KAHAJIOB.
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