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A new method of constructing band-stop filters based on a system of optical microresonators with whispering
gallery oscillations of ultra-high Quality factor (Q) is proposed, which are widely used in various integral fi-
lters of the optical wavelength range. To reduce the mutual coupling, the system of microresonators is located
on different sides of the regular transmission line. With the help of perturbation theory, an electrodynamic
model of filters was developed, which describes a complex system of interconnected microresonators with
doubly degenerate types of natural oscillations. The obtained general analytical expressions are used to descri-
be the characteristics of the scattering of natural waves of the line on the system of optical microresonators,
which form a band-stop filter or an alternative band-pass filter. The frequency dependencies of the filter
scattering matrix were calculated and analyzed. On the basis of the built analytical model, and using the
periodicity of the microresonators’ own oscillations, with a change in the free spectral range (FSR) value, the
possibility of constructing a new class of band-pass filters has been proven. The new filters differ from the
known ones in that they simultaneously use two types of natural oscillations of adjacent microresonators.
Amplitude-frequency characteristics of filters with different sizes of operating frequency bands are calculated.
Based on the comparison of the obtained data, a conclusion about the reduced dependence of the losses of
the proposed filters on the bandwidth is made. It is noted that the amplitude-frequency characteristics of
the new class of filters are close to linear ones. The obtained practical simulation results allow significantly
reducing the calculation time and optimizing complex multi-resonator structures for optical communication
systems.
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Introduction

Microresonators with whispering gallery oscillati-
ons have extremely high radiation quality factors and
are convenient for implementation in various integrated
circuits in the infrared and optical ranges [1-15].
Along with these advantages, it is well known that
the whispering gallery oscillations are quite close
to each other, generating a quasi-one-dimensional
spectrum of natural frequencies close to periodic. The
presence of additional natural oscillations leads to
the appearance of spurious bands, which noticeably
worsens the characteristics of devices built on the
basis of such resonators. To compare the spectral
parameters of the resonators, the concept of the
frequency distance between neighboring resonant peaks
was introduced as free spectral range (FSR). The
frequency distance between adjacent resonant peaks
for ring microresonators is inversely proportional to

their radius, therefore, by changing the shape and
relative dimensions of the microresonators, it is possi-
ble to change the distance between the frequencies
of neighboring oscillations within small limits, and,
consequently, the location of parasitic bands.

The periodicity of whispering gallery oscillations,
together with a possible change in the FSR value, can
be made a positive feature and used, for example, to
implement alternative bandpass filters based on band-
stop structures. Such filters should have properties that
are, in a sense, the opposite of those built on currently
traditional coupled resonator structures.

1 Statement of the problem
The purpose of the article is to study the possibility

of constructing a new class of bandpass optical filters
based on the use of band-stop structures on a system of
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coupled microcavities with whispering gallery oscillati-
ons, using the periodicity of their natural oscillations.
Investigation of the scattering characteristics of a new
type of filters was carried out.

2 Calculation of the scattering
parameters of the Band-stop
filters

To calculate the characteristics of the wave scatter-
ing matrix of the transmission line, the theory consi-
dered in [16] was used. Suppose we have a system of
the N microresonators, which is located in open space
and at the same time coupled with transmission line.
Suppose that each of the microresonators has a doubly
degenerate type of natural oscillations on the frequency
wo = 2mfy, each of which is characterized by a gi-
ven symmetry with respect to the selected plane: even
(€¢,he), or odd (€°2,h°) [17]. Let a wave (E_"*,ﬁ*)
falls on 1 port on N microresonator system via regular
waveguide (Fig. 1,a).

The eigenoscillation field of the system we
represented as a superposition of fields of isolated
microresonators in the frequency band near wy :
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defining the amplitudes of coupled microresonators
oscillations b{°>® should satisfy the equation system as
an eigenvector of coupling operator K [16].

For band-drop filter shown in Fig. 1, a, the coupling
matrix of the microresonators has the form:
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where k%° is the coupling coefficient of the u-th mi-
croresonator with the transmission line 1-2 (Fig. 1,a)
on an even (or odd) mode oscillation; kog is the coupl-
ing coefficient of the microresonator with open space;
Ksn = kS + ikS? is the mutual coupling coefficient
between microresonators for even (odd) mode (for si-
mplicity we proposed that if |s — n| > 1 then k£;° = 0);
04t 1s the Kronecker d-function.

The found eigenfunctions of coupling oscillations,
defining by matrix K (2) we used for solving the
scattering problem of the wave (E+, H*) on a system
of microresonators. For the solution of the problem we
represented decomposition [17]:

2N 2N
E~E"+) a%¢; HxH"+> a'h®, (4)

s=1 s=1
where a° are the unknown amplitudes (s =
1,2,...,2N) and (€%, h®) are the s-th eigenoscillation

field of the coupled microresonator system (1) with
complex frequency @*

As a result, the transfer coefficient between the 1-2
ports is determined using the expression [16]:

det BS
det B Z
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where Q4(w) = w/wy + 2iQP (w/wo — 1 — As/2); QP
is the dielectric Q-factor of microresonators (s =
1, cen ,QN); )\s = 2(&)5 - LUQ)/OJ().

The matrix, defining a scattering on the band-stop
filter:
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Here kﬁg = ka’f)'f is the coupling coefficient of the
s-th microresonator with the v-th transmission line.
Here a takes values even or odd depending on the type
of u-th microresonator oscillations.

In this case, index s is determined by the column
number in matrix BY . Here

kbt = (o ) J(wowy) = (K28, )ge T (FmFen);
fﬂzfvj-i_ = (cgn+cz+*)/(w0wn) = (];;lrfn)oe_ir(zm_zn);
c®* is the expansion coefficient of the n-th mi-

croresonator field with a — even or odd mode on
the propagating wave of the transmission line; w,, is
the energy stored in the dielectric of microresonator;
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I'is the longitudinal wave number of the transmissi-
on line; z, is the longitudinal coordinate of the n-th
microresonator center.

Relations (2), (4)—(6) allow one to calculate the
characteristics of wave scattering of a regular transmi-
ssion line on an array of resonators with whispering
gallery oscillations.

3 Scattering parameters of
alternative bandpass filters
based on notch filter resonator
structures

Let us first consider band stop filters based on
microresonators with whispering gallery oscillations
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(Fig. 1,a). Reducing the fluctuations of the module
of the coefficients of the scattering matrix can be
achieved by decreasing the coupling between the mi-
croresonators; for this, it is proposed to place each of
them on the opposite side of the line (Fig. 1,a). To
calculate and analyze the frequency dependences of the
characteristics of the S-matrix, we will use relations
(1)-(6).

Figure 1,b-e shows the results, based on (2)-(6),
of the dependences on the frequency of the S-matrix
(Sv1 = 201g|T1,]; U1 = arg(Thy)) of a 2-, 4-section
band-stop filters. Where T, is the transfer coefficient
between the 1 and v ports (5).

As it can be seen from the above data, the fi-
lters shown in Fig. 1, a, are characterized by smoother
frequency characteristics of attenuation outside the
stop bands (Fig. 1,b-e).
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Fig. 1. Laterally coupled microresonators band-stop filter structure — a. Module S-matrix responses of the 2-
section (b-c), 4-section (d-e) band-stop filter as functions of frequency. Coupling coefficients of microresonators
with transmission lines: icg = /%g =2-107* for even, odd oscillations. Microresonator coupling coefficients with
open space: kos = 1-107 . Mutual coupling coefficients of the microresonators for even, odd oscillations

k2, = k¢, ~ 0 . Frequency of free microresonators oscillations fo = 200 THz; QP = 10% ; TAz, 41 = 317/2

S

We use the periodicity of the frequency spectrum of
the resonators to optimize their frequency characteri-
stics, located between adjacent rejection bands for use
as bandpass filters. In this case, the fundamental di-
fference between the new structures is that the different
slopes of their frequency dependence in the consi-
dered bandwidth are now determined by the different
types of natural oscillations of the microresonators.
Using (1)-(6), we calculated several adjacent stop
bands implemented by the same microresonator system
shown in Fig. 1,a. After that, we optimized their
S-parameters to obtain the given scattering characteri-
stics located between two fixed rejection bands. Such fi-

lters based on whispering gallery oscillations are called
alternative with respect to band-stop filters built on
the basis of a known structure microresonators in a
regular line.

Figure 2 shows the results of calculating the
scattering parameters of an alternative narrow-band
(a—c), medium (d—f) and wider (g,h) passband filter
implemented on 8 microcavities. Let us pay attention
to the linearity of the phase-frequency dependences in
the filter passbands (Fig. 2,b, e, h).

As a result, we obtained the following data.

The frequency response of the first bandpass filter
(Fig. 2, a-c) has such parameters: center frequency fo =
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199,880 THz; minimum loss in the passband -1,4 dB;
—3 dB bandwidth: 280 GHz; squareness frequency width) 5,17.

response (ratio of -30 dB bandwidth to -3 dB band-
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Fig. 2. S-matrix responses of different 8-section (a-i) alternative filters as functions of frequency. Coupling

coefficients of the microresonators with transmission lines: l;flm =2,45-1072; Igzm =2,05-1072 (a); I:;Zm =

2,49 1072 ; k2,, = 2,1-1072 (d); k¢, = 2,35 - 102 ; k2,, = 2,30 - 1072 (g). Open Space microresonator

coupling coefficients: kog = 1-10~7 . Mutual coupling coefficients of the microresonators for even oscillations:

k$y = kS; = 2-1075 ; for odd oscillations k% = k$; = —2-107° (a); k$y = k§; =2-107° , k9y = k9, = —2-1075

(d); kS = kS, =1,5-1075 , k9 = k§; = —1,5-107° (g). Phase-frequency dependences of filters (b, e, h). Group
delay time of filters: a — red; d - blue; g is the green curve (i)
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For filter shown in Fig. 2,d—f, center frequency
fo = 199,87 THz; minimum loss -0,42 dB; —3 dB band-
width: 1,67 THz; squareness frequency response 1,86.

For filter shown in Fig. 2, g-h, center frequency fy =
199,83 THz; minimum loss -0,094 dB; —3 dB band-
width: 4,26 THz; squareness frequency response 1,35.

Thus, as the bandwidth of the filters decreases,
the squareness of their frequency response deteriorates.
From the data shown in Fig. 2i, we see that, in this
case, the decrease in the bandwidth is accompanied by
increase in the group delay.

Discussion and Conclusion

Summarized, the obtained electromagnetic si-
mulation results demonstrate the possibility of reali-
zing a wide class bandpass filters based on band-
stop structures, using microresonators with whispering
gallery mod. The proposed filters use the periodicity
properties of the frequency spectrum of natural osci-
llations of microresonators, as well as non-degenerate
oscillations of different types adjacent in frequencies. It
is predicted that with the same number of resonators,
narrower filters have a larger group delay of signals
compared to wideband ones. Since the losses in the
passband of alternative filters are determined by the
contribution of mainly non-resonant scattering, their
value should be relatively small for both broadband
and narrowband structures.

The proposed new type of filters can find practical
application in multiplexers, amplifiers, lasers and other
devices of infrared and optical communication systems.
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Jlo HOBOI peaJizanii cmyroBux QiabTpiB
HA OCHOBI 3aropoKy4nx CTPYKTYp Ha
gienekrpuayaunx WGM wmikpope3oHaTo-
pax

I'pueopenxo O. I'., Tpybin O. O.

BanponoHoBaHo HOBHiI €HOCI6 MOOYZOBH CMYrOBO-
3aropo/Kyodnx (GiaTbTPiB HA OCHOBL CHCTEMU OITHYHUX
MIKPOPE30HATOPIB 3 KOJIMBAHHSIMY IIETIOTy 0l rajepel Hal-
BUCOKOI JIOOPOTHOCTL, AKi IMHUPOKO BUKOPUCTOBYIOTHCS B
pi3HOMAHITHUX 1HTErpaJbHUX (PIIHTPAX OIMTUYIHOIO iara-
30HY JOBKWH XBWIb. [Ij1 3MEHIIEHHS B3a€EMHOTO 3B’SI3KY,
chCcTeMa MIKPOPE30HATOPIB PO3TAlIOBaHa 3 PI3HUX CTO-
pin perysspuoi Jinil nepegauu. 3a 10IOMOroi0 Teopil


https://www.academia.edu/en/3030237/Stopband_characteristics_of_optical_Vernier_filters_built_with_microring_resonators
https://ieeexplore.ieee.org/document/588673
https://ieeexplore.ieee.org/document/740708
https://ieeexplore.ieee.org/document/740708
https://ieeexplore.ieee.org/document/784592
https://ieeexplore.ieee.org/document/784592
https://www.worldscientific.com/doi/abs/10.1142/9789812565730_0001
https://ieeexplore.ieee.org/document/1291501
https://ieeexplore.ieee.org/document/1291501
https://www.researchgate.net/publication/228858447_Ring_resonator-based_tunable_optical_delay_line_in_LPCVD_waveguide_technology
https://doi.org/10.1007/3-540-31770-8_9
https://docs.lib.purdue.edu/cgi/viewcontent.cgi?referer=&httpsredir=1&article=1192&context=nanopub
https://link.springer.com/book/10.1007/978-1-4419-1744-7
https://opg.optica.org/oe/fulltext.cfm?uri=oe-19-6-5244&id=210592
https://ieeexplore.ieee.org/document/6758344
https://www.academia.edu/27260036/Time_Domain_Modelling_of_Optical_Add_drop_filter_based_on_Microcavity_Ring_Resonators
https://www.academia.edu/27260036/Time_Domain_Modelling_of_Optical_Add_drop_filter_based_on_Microcavity_Ring_Resonators
https://ieeexplore.ieee.org/document/8378003
https://ieeexplore.ieee.org/document/8378003
https://link.springer.com/article/10.1007/s40094-019-00343-7
https://link.springer.com/article/10.1007/s40094-019-00343-7
http://infotelesc.kpi.ua/article/view/172297
http://infotelesc.kpi.ua/article/view/172297

16

I'puropenko O. I'., Tpy6iu O. O.

30ypeHb, PO3pObJIeHA €eKTPOAMHAMIYHA MOJIe/b (irb-
TpIB, KA OMNCYE CKJIAIHY CHUCTEMY 3B’SI3aHUUX MIXK CO-
6010 MiKPOPE30HATOPIB 3 IBOKPATHO BUPOKEHNMU TUITAMHI
BiacHUX KosmBaHb. OTpuUMaHi 3araJibHi aHAJITUYHI BUPA3U
BUKOPHMCTOBYIOThCSI [IJIsT OMWCY XapPAKTEPUCTUK DPO3CIiIoBa-
HHS BJIQCHUX XBWJIb JIiHII HA CHUCTEMi ONTHUYHHUX MiKpOpe-
30HATOPIB, sKi YTBOPIOIOTH CMYTOBO-3arOPOIKYyI0qmii abo
aJIbTEePHATHBHUI CMyTOBO-TIpomycKatodnit ¢himsrpn. Po3pa-
XOBaHI Ta NPOAHAJI30BaHI YaCTOTHI 3a/I€’KHOCTI MATPHIIL
po3citoBanus ¢inprpiB. Ha ocHoBi mobymoBanoi anasmiTu-
YHOI MOJIeJli Ta, BUKOPHUCTOBYIOYH IIE€PIOJUIHICTH BJIACHHUX
KOJINBaHb MIKpOpe30HATOpiB 3i 3Mminoio Besmumuu FSR,
J0BeJileHa MOKJIMBICTH II0OYZOBH HOBOI'O KJjacCy CMYyTOBO-
npomyckaodnx binsTpis. Hosi GinsTpn BiApi3HAIOTHCS Bif
BIOMUX THM, IO BUKOPHUCTOBYIOTH OIJHOYACHO [BA TUIIH

BJIACHUX KOJIMBAHD MiIKPOPE30HATOPIB, CyMiKHUX 33 YaCTO-
TamMu. Po3paxoBaHo aMILIiTYIHO-9aCTOTHI XapaKTePUCTUKN
GinpTpiB 3 pi3HHME BeIWYMHAME CMYT PODOYUX HACTOT.
Ha ocHOBiI mopiBHAHHS OTpHUMAaHUX JAHWUX, 3PO0JIEHO BHU-
CHOBOK TIPO 3MEHIIEHY 3aJIeKHICTh BTPAT 3AIIPOTIOHOBAHNX
GinpTpiB Bix mupuHU CMyru IpomyckaHHsd. BimvidaeTscs,
0 AMIUTITYZHO-JaCTOTHI XapaKTePUCTUKH HOBOIO KJIACY
dinpTpiB 6/m3bki mo miHifHEX. OTpUMaHi TpPaKTUYHI pe-
3yJIBTATU MOJEIIOBAHHS JO3BOJISIOTH CYTTEBO CKOPOIyBATH
Yac PO3PaxyHKIB Ta ONTUMI3yBaTH CKJIAIHI GaraTope3oHa-
TOPHI CTPYKTYPH JJIsT ONTHYHUX CUCTEM 3B’SI3KY.

K006t  ca06a:  Ji€JIEKTPUYHUA — MIKPOPE30HATODP;
KOJIMBAHHA IIENOo4Yydol raJjepei; CMyro-3aropoKylounii

dinbrp; FSR — free spectral range; cmyrosuit dinbrp
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