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The theory of scattering of electromagnetic pulses in a transmission line on systems of coupled dielectric
resonators of different shapes and dielectric permittivity is developed. General analytic expressions for
envelope pulses scattered on band-pass and rejection dielectric filters are obtained. It is shown that for
identical resonators the expressions found in special cases become known. The results of calculating the
rectangular and Gaussian pulses scattered by bandpass and bandstop filters of the terahertz and infrared
wavelengths, constructed on various dielectric resonators in various transmission lines, are presented.
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Introduction

As is known, the power loss of electromagnetic
energy in conductors increases with growing frequency,
which makes it impossible to build high-quality
resonators on metal structures already in the milli-
meter wavelength range. The existence of dielectri-
cs with anomalously low losses in the Millimeter,
Terahertz and up to the visible wavelength range
makes it possible to design high-Q resonators based
on them. At present, there are no elements alternative
to Dielectric Resonators (DRs) in these wavelength
ranges. DRs are the main elements of filters, antennas,
metamaterials, etc., consisting, generally, of a large
number of unit. The construction of frequency-selective
devices of communication systems based on a large
number of resonators requires the study of the
propagation of pulses in complex DR structures. Thus,
the need to study the propagation of electromagnetic
pulses in various Microwave, Terahertz and Optical
devices is an actual task of telecommunication theory
and practice [1-6]. However, the solution of this class of
problems in scattering theory, by virtue of its complexi-
ty, is carried out most often by numerical methods.
In some cases, the solution of similar problems can
be obtained approximately in an analytical form,
by means of electrodynamic modeling. Finding such
analytical solutions also makes it possible to more
clearly understand the physical mechanisms of scatteri-
ng, greatly accelerates the computation process, besi-
des it allows calculating and optimizing more complex
resonator structures.

In the present paper we consider the most general
solution of the problem of scattering, obtained with

the help of perturbation theory, of electromagnetic
pulses, propagating in the transmission lines, by a
system, consisting of a number of different coupled DRs
of various shapes and possibly consisting of different
materials [7].

1 Statement of the problem

The goal of the current article is the development
of the theory of scattering of electromagnetic pulses on
the microwave, infrared and optical filters, consisting
of different dielectric resonators in the time domain.

2 Pulses scattering theory on di-
fferent DRs

Consider the system of N different DRs, possibly
consisting of different materials. We assume that the
eigenoscillation field of each isolated DR is known:
(€5, hs), (s = 1,2,...,N). Here &-is the electric field
and fzs — is the magnetic field intensity of the s-
th isolated DR. We assume also that the fields of

different DRs satisfy approximately the orthogonality

conditions:
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Here x — is the complex conjugation symbol; &,
is the Kronecker symbol; v,,- is the volume of n-th DR.
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We consider the problem of scattering of an
electromagnetic wave (E*(t),ﬁ*(t)) on a system of
coupled DRs. It is assume that the dependence on time
(E*(t), ﬁ*(t)) is known to us. We are looking for the

solution of the scattering problem in the form:

where a®(t) are the unknown time functions (s =
1,2,...,N) and (&%, h*) are the s-th eigenoscillation field
of the N-DR system [8]. The eigenoscillation field of
the N-DR system we represented as a superposition of
fields of the isolated resonators:

N
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The DR amplitudes of coupled oscillations b5
should satisfy the equation system [8] and do not
depend on time.

Let us assume that the frequency of the carri-
er pulse () differs slightly from the frequencies of
the coupled oscillations of the resonator system (w®):
|2 — w?®| Jwy < 1; wg = Refws] (s = 1,2,...,N) is the
real part of frequencies of isolated partial resonators.
Using Maxwell’s equations for the eigenoscillations of
isolated and coupled DRs and the scattering field, as
well as the orthogonality conditions (1), after integrati-
ng over the volume of each DR, we find a system of
differential equations for the amplitudes a®(t):
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—P—uD(cj[(t)), (u=1,2,...,N), (4)
where QP = wow,/PP — is the Q-factor
of loss in dielectric of w-th DR; w, =

—
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in the dielectric of the u-th DR; ¢, = Reéy,; &, =
€y — tell — is the complex dielectric permittivity
and the pg is the permeability of the wu-th DR.

& o2 i .
PP = wo= [|€,]°dv — is the loss power in the
vy

dielectric; and

2
>dv — is the energy, stored

is the integral over the surface s, of u-th DR; 7 — is
the normal to the surface.

The solution of the system of equations (4) together
with (2) in the most general form determines the di-
stribution of the field of the DR system when the time
pulses of the field fall on them.

If the resonators are excited by a harmonic signal
with a frequency w: d/dt[a®(t)] = iwa®(t), the system
of equations (4) becomes known [7].

The solution of the equations system (4) can be
found in an asymptotic form, if we take into account
the presence of small parameters 6, = (2QP)7! <« 1
(v=1,2,..,N):
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is the principal term of the expansion and
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is the minor of matrix B in which s is the column and
v is the row number;

bl . () un bV
Cu(t) = by () we .. WY ;
by en(t)" /wn by
bt b2 .. By
B by b3 ... by
by, % . Y

The delay of the incident pulse on DR is determined
by the corresponding phase factor in the expansion
coefficients ¢ (t)*. The choice of arbitrary constants
in the solution of the equation (7) is determined by the
physical conditions: a®(¢) = 0 if (E*(t), ﬁ*(t)) =0.

In some cases it is convenient to use the time
Green’s functions. Green’s functions for different DR
can be calculated if we use the approximate expansion
of the scattered field (7) with a harmonic effect on the
resonator system. In this approximation, the Green’s
functions obtained also coincide with those obtained
earlier [8].
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In the particular case of identical DR and types of
oscillations: QP = QP; PP = PP: the system (4) may
be solved with respect to differential equations:

(2QP — i)%as(t) — 2iw*QPa’ (1)
_ _QDdet Cs(t)

det B (8)

The solution of the equation (8), taking into
account the linearity of the determinant Cj(t), is [9]:
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Solutions (6) and (2) allow us to directly calculate
the envelopes of scattered pulses. Let us assume, that
the incident pulse may be represented in the form:

(f;((;?)) ~ A (D) (f}:((?)) . (10

where A;,(t) — is slowly varying amplitude:
|dAip /dt] [ |Ain| < Q.
(E*(F), H* (7)) satisfies the Maxwell equations:
rotH () = iQeo BT (7);

rotE*(F) ~ —iQuoH™* (7)

and also the boundary conditions. Then, from (5):
ch(t) = Apn(t)*e ™t where

i ==y PUETEY @) + (7R B (7).

Scattered pulses at a sufficiently large distance from
the resonators in the transmission line can also be
represented in the form:
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and for the bandpass filters [8]:
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(s is the column number of the matrix Bf with the
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(Kksn)o — is the coupling coefficient for the propagating
wave, expressed without phase difference accounting in
the transmission line (s,n = 1,2, ..., N).

As might be expected from (11), the envelopes of
scattered pulses are linear functions of the incident
pulse. The dependence of the envelopes is determined
by the carrier frequency difference from the frequencies
of the coupled oscillations of the resonator system.

3 Pulses scattering on different
DR filters

The obtained relations allow us to directly calculate
the shape of the envelopes of scattered pulses on the
systems of different DRs in the transmission line. Let
us consider the scattering of pulses by dielectric fi-
Iters whose amplitude-frequency characteristics were
examined earlier in [7,10,11].

Fig. 1 shows example of scattered pulses on the
bandstop filter, consisting of 10 Different Spherical
microresonators. Each microcavity was excited by a
magnetic type of oscillation H,,,,; with m = n. The
distance between adjacent DR centers was equal to
115X, /4, where \,, — is the guided wavelength. The
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rectangular and Gaussian scattered pulse envelops were
calculated by the formula (11), (12).
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Fig. 1. Bandstop filter on coupled different spherical
microresonators and dielectric waveguide (a). S-matrix
responses of one band of the 10-section (a) filter on
spherical microresonator H,,,,1 modes (e1, = 9; €a, =
16; QP = 1/tgé; = 105, QP = 1/tgd, = 2 - 105;
m; = mg = np = ng = 26; I3 = lo = 1). Envelops
of the scattered rectangular pulse (t; —¢; = 40ps) (d,
e) on the bandstop filter (a - ¢).
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Fig. 2. Different spherical (a) DRs in the evanescent

circular waveguide (g1, = 16569, = 25;QP = 3-10%;

QP =2.10% R = 0,9mm; R, = 0,5mm; fo =

100GHz). S-matrix module as function of frequency of

5-DR bandpass filter (b, ¢) with H11; modes. Envelops

of the scattered rectangular (t2 —¢; = 6ns) (d), Gaussi-
an (o = 3ns) (e) pulses.

Fig. 2 shows rectangular and Gaussian pulses,
scattered by bandpass filter on 5 different Spherical
DRs (N = 5). The centers of all the resonators were
located on the axis of symmetry of the waveguides.
Each resonator was excited on the main magnetic mode
Hi1;. The radius of the input and output wavegui-
des determined the possibility of propagation of only
one type of wave Hp;. The presence of input and
output resonators with a lowered dielectric permitti-
vity made it possible to increase their coupling with
the waveguides and obtain a smooth characteristic of
the transmission coefficient (Fig. 2b).
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Fig. 3. Sketch of bandpass filter on laterally coupled
different Disk microresonators (a). S-matrix responses
of the T-section bandpass filter on HEffm’l modes
as functions of the frequency (b - c). The coupling
coefficients of the terminal resonators with transmi-
ssion lines: k; = 7 - 107%; the 1-th and the N-th
microresonator parameters are 1, = 16; QP = 10°;
m1 = 20; another resonator parameters are €3, = 9, 6;
QP = 2105 my = 24. Envelops of the scattered
rectangular (to—t; = 10ps) (d), Gaussian (o = 5ps) (e)
pulses at Q = 27 fy (fo = 200THz). Frequency versus
time of rectangular (f) and Gaussian (g) transmitted
pulses.

In Fig. 3 shows the result of scattering of a
rectangular and Gaussian pulse on a bandpass filter wi-
th various disc microcavities [11]. The scattered pulse
envelops were calculated by the formula (11), (13).

As can be seen, the developed model correctly
describes the pulses scattering on the system of di-
fferent DRs. The envelopes of rectangular pulses are
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most noticeable, while the envelopes of Gaussian pulses
vary considerably less, and their scattering by filters is
determined only by visible delay effects.

Discussion and Conclusion

A scattering theory of the pulses on different
DR systems, based on perturbation theory, has been
expanded.

Obtained new analytical relationships, which allow
us to directly calculate the envelopes of pulses without
using time Green functions.

At the same time, it should be noted that the above
scattering theory has a number of limitations, related
both to the assumption about the type of scattered
pulses (10) and the less obvious assumption of neglecti-
ng the transient processes of wave propagation in the
cavity volume. Obviously, similar processes of wave
propagation will play an important role in resonators
with higher types of oscillations. Another less obvi-
ous limitation is the assumption that the spectrum
of the incident pulses is limited. However, this condi-
tion is necessary for effective frequency filtering in
telecommunication systems. In the future, in our opi-
nion, it is of interest to more subtly compare the
experimental, numerical, and analytical results with
the aim of elucidating the influence of various condi-
tions for the scattering of electromagnetic pulses of
different shapes on multiresonator structures.

A developed analytical model can be used to di-
rectly optimize telecommunication and other devices
that built on different types of Dielectric Resonators.

References
[1] Afrooz K., Abdipour A. and Martin F. (2013) Fi-
nite difference time domain analysis of extended

composite right/left-handed transmission line equations.
International Journal of RF and Microwave Computer-
Aided FEngineering, Vol. 24, Iss. 1, pp. 68-76. DOI:
10.1002/mmce.20715

[2] Sebastian J., Alvarez-Melcon A., Gupta S. and Caloz
C. (2012) Impulse-Regime Analysis of Novel Optically-
Inspired Phenomena at Microwaves. Fourier Transform
Applications. DOL: 10.5772/35447

[3] Gomez-Diaz J., Gupta S., Alvarez-Melcon A. and Caloz
C. (2010) Efficient time-domain analysis of highly di-
spersive linear and non-linear metamaterial waveguide and
antenna structures operated in the impulse-regime. IET
Microwaves, Antennas & Propagation, Vol. 4, Iss. 10, pp.
1617. DOI: 10.1049/iet-map.2009.0205

[4] Kamke E. (1959) Handbook of Ordinary Differential
Fquations, 576 p.

[5] Savelev R.S., Filonov D.S., Petrov M.L., Krasnok A.E.,
Belov P.A. and Kivshar Y.S. (2015) Resonant transmi-
ssion of light in chains of high-index dielectric parti-
cles. Physical Review B, Vol. 92, Iss. 15. DOI:
10.1103/physrevb.92.155415

[6] Trubin A.A. (2017) Electromagnetic waves scattering on
coupled dielectric resonators in the time domain. Modern
Challenges in Telecommunications, pp. 99-101.

[7] Trubin A.A. (2017) Scattering of Electromagnetic Waves
on Different Dielectric Resonators of the Microwave Filters.
Visn. NTUU KPI, Ser. Radioteh. radioaparatobuduv., no.
71, pp. 5-10. DOIL: 10.20535/RADAP.2017.71.5-10

[8] Trubin A. (2016)
Springer Series in Advanced Microelectronics.
10.1007/978-3-319-25148-6

Lattices of Dielectric Resonators.
DOI:

[9] Trubin A.A. (2018). Bandpass filters on different Spheri-
cal dielectric microresonators. Modern Challenges in
Telecommunications, pp. 429-431.

[10] Trubin A. (2017) Modeling of the optical filters on
differenT WGM disk microresonators. Information and
Telecommunication Sciences, Iss. 1, pp. 26-30. DOI:
10.20535/2411-2976.12017.26-30

[11] Zhang X., Li R., Zhang X. and Wu H. (2016) Propagati-
on dynamics of a wavepacket through an optical cavi-
ty. Optics FExpress, Vol. 24, Iss. 3, pp. 2383. DOI:
10.1364/0e.24.002383

Po3sciroBanug emekTpomMarHiTHux  im-

myJIbCiB Ha cHCTEMax pPIi3HOMAHITHUX
OieeKTPUIHNX PEe30HATOPIB

Tpy6in O. O.

PosBunyTa Teopisi po3citoBaHHS €T€KTPOMATHITHUX iM-
myabciB B JIHII mepefqadm Ha CUCTEMaX 3B d3aHUX Jiesie-
KTPUYHAX PE30HATOpPIB pi3Hol Gopmu Ta mieeKTpuaHOT
NPOHUKHOCTI. 3HAMIEHO 3arajbHi aHAJITUYHI BUPa3U i
OTMHAIOYHX IMITY/IbCIB, AKi PO3CIIOI0OTHCA HA CMYTOBUX Ta Pe-
JKeKTOPHUX fiesekTpuaHux disbsrpax. [Tokazamo, mo oTpu-
MaHi BHPa3d IMEPEXOAdaTh B BIJIOMI B OKPEMHX BHIIQIKAX
onHakoBux pe3onaropis. Hasemeno pesysibraru po3paxyHn-
KiB 00BiJHOT IPSIMOKYTHOT'O TA rayCCOBCKOIO IMITY/IbCIB P
iX pO3CiIOBaHHI HA CMYTrOBUX Ta DPEXKEKTOPHUX (DLIbTpax
TEeparepruoBoro Ta iH(GPavYepBOHOIO AIA30HIB JOBXKUH
XBWIb, IO0OYA0OBAHUX HA PI3HOMAHITHHUX [i€JIEKTPUTIHUX Pe-
30HATOPAaX B PIZHOMAHITHHUX JIHIAX II€peIavMn.

Karowosi caosa: OieleKTpUIHUN PE30HATOD; IMITYJIBCH;
pO3cCitoBaHHs; PeXeKTOpHUN BinbTp; cMyroBuil MiabTp

Paccegnmne 3jeKTpOMarHUTHBIX UMITYJIb-
COB HA CHCTEMAaX Pa3JINYHBIX JANIJIEKTPH-
YeCKUX Pe30HATOPOB

Tpybun A. A.

PasBura Teopus paccesHHs 3IEKTPOMATHUTHBIX WM-
[y/IbCOB B JIMHUM II€PEJAaYu HA CUCTEMAX CBA3AHHBIX M-
JIEKTPUIECKUX PE3OHATOPOB PA3HON (POPMBI ¥ JUITIEKTPU-
9ecKoil pouutiaemoctu. [losrydensr 001re aHAINTHIECKHTE
BbIPDaXKeHUsl Il OrubaloMX KMIIYJIbCOB, DPACCEUBAEMbBIX
Ha TIOJIOCOBBIX M PEKEKTOPHBIX IUIJIEKTPUIECKUX (PHJIb-
Tpax. Ilokazano, 9T0 HallIeHHbIE BHIPAXKEHUS TIEPEXOIAT B
M3BECTHBIE B YACTHBIX CJIy4YasdX OJIMHAKOBBIX PE30HATOPOB.
IIpuBenens! pe3ysbTaThl pacueTa MPSMOYTOJIBHOTO W TayC-
COBCKOTO WMITY/IbCOB TIPU WX PACCESTHUM HA TIOJIOCOBBIX U
PEXKEKTOPHBIX (PUIbTPAX TEPArepIrioBOro u HHGPaKpPacHOro
JIUATIa30HA JIJTUH BOJIH, TTIOCTPOEHHBIX HA PA3INIHBIX JTUDJIE-
KTPUYIECKUX PE30HATOPAX B PA3IMIHBIX JIMHUSX TIEPEIadm.

Karoveewie ca06a: MAUIIEKTPUYECKUI PE30HATODP; WM-
MyJIbCHI; PACCesTHUEe; PEKEKTOPHBIN (GUIbTD; TOI0COBOIL
buiibTp
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