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Pulses’ shapes at their scattering on the Di-
electric Micro-resonator band-stop filters of the
optical communication systems were exam-
ined. Most widespread optical pulse envelopes
depending on duration, frequency and modula-
tion were studied. The requirements have been
formulated for both the pulse parameters, fil-
ters and sources of fiber—optic communication
systems. Reference 7, figures 7.
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Introduction

It's well known that pulses spreading in the op-
tical communication systems are accompanied by
visible changes in their shapes [7]. For the pulse
shaping an optical filters with micro-resonators can
be used in the infrared wavelength range. Micro-
resonator band-stop filters form the coupling with
optical transmission lines very well, furthermore
have comparatively small dimensions and minor
losses of electromagnetic energy [4]. However to-
day their influence on the pulse shapes still has not
been explored. The cause of it is the extremely dif-
ficult the solutions of Maxwell's equations in the
time domain in cases the scattering parameters are
calculated for composite shape structures with a
large number of boundary surfaces. An approxi-
mate solution of this problem can be found from
physical justified modeling [5 — 6].

Statement of the problem

The goal of the current article is the investigate
the most wide spread types accepted kinds of opti-
cal pulses with various envelop shapes scattered
by the band-stop filters on ring micro-resonators
that can be used in the modern fiber-optic commu-
nication systems.

Let's suppose that there is the falling pulse at
the input line of band-stop filter consisting of N ring
micro-resonators with whispering-gallery oscilla-

tions (see fig. 1, a), and has envelop of the electric
field E, (t). At the output of the line will be regis-

tered, namely a passing pulse with envelop E; (¢)
and also a reflected one with envelop E_,(t). It's

necessary to investigate a passing and reflected
pulse envelops depending on the input pulse pa-
rameters for a known band-stop filter characteris-

tics.
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Fig. 1. Frequency response of the transmission coef-
ficient (b); the reflection coefficient (c) - of the band-
stop filter (a) on 15 ring micro-resonators with whis-
pering-gallery oscillations

In order to deal with this problem both S-matrix
parameters of band-stop filter and a temporal
Green's functions of the band-stop filter were calcu-
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lated in present work; also the analytical relation-
ships of the envelops of scattered pulses were
found; influence of basic parameters on the struc-
ture has been investigated the main demands were
formulated and validated for both optical pulse fil-
ters and sources in the infrared wave length range.

S-parameters' matrix calculation

For the purpose of scattering parameters’ cal-
culation of the optical pulses in the time region with
help of Green's functions [6], it's necessary to
make an electrodynamic’ model of band-stop filter.
Let's examine the simplest band-stop filter consist-
ing of one-dimensional structure of dielectric micro-
resonators with whispering-gallery oscillations (fig.
1, a). Up to the present day a scattering model de-
veloped in [5] is still used. According to [5], in gen-
eral case, the filter transmission coefficient T and
the reflection coefficient R can be found from:

T=T()=Ty )+ X 1)
R=R(0)=Ry(0)+ > == @

s=1 Qs(()))
Where T,(»), R,(w) are define a contribution

of non resonance scattering of the normalize
waveguide waves, in our case the homogeneous
transmission line, without micro-resonaors. The
second item in (1, 2) defines a contribution of reso-
nance scattering [3]; here is

Q,(0) = 0w, +2iQ° (w0, —1-1,/2); Q° =1/1gs;
tgo - is the dielectric loss tangent of the micro-
resonator's material; A - sth is the eigenvalue of
the coupling operator K [3, 5], corresponding to

the sth eigenmode of N micro-resonator system in
the line and with coupling oscillation amplitudes

b =(b,b5,....by), (§=12..,N) [4]. ® -is the cur-
rent angular frequency; ®, - is the angular fre-
quency of free oscillation for every insulated micro-
resonator in line. All coefficients
detB; detB;
Al =QF —/—=; A =Q° ——= 3
s detB s detB 3

depend on amplitudes of each micro-resonator of
the system in the transmission line:

bl b2 .. b
o | B b
b, b2 .. b

N

bl b} o bk by
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B by b .. > bk .. b ;
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by by bk By
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Where
Ky = (010y")/(0gw,) = (K, )pe™ )

’

R;’: — (C;C;* )/((DOWH) _ (Rsn )Oe—ir(zs+zn) .

I - is the longitudinal wave number of the trans-
mission line; z, - is the longitudinal coordinate of
sth  micro-resonator center in the line
(s=12,...,N);w,- is the electromagnetic energy,
stored in dielectric of sth micro-resonator; * - is the
complex conjugation symbol; (Rsn )o - is the micro-
resonator coupling coefficient for the propagating
waves, calculated without phase difference in the
line [3]. Every sum in the matrix B; (4) is situated
in the sth column.

There is an example of S-matrix frequency re-
sponse calculation at fig. 1, (b), (c): |S,,| = 20Ig|R];

IS,;| =201g|T|; for the band-stop filter on 15 ring

micro-resonators, according to formulas (1 - 4).
The frequency of each isolated micro-resonator
was supposed to be equal to f;, =200 THz in the
line and the dielectric quality factor of the resonator
material was equal Q° =1/tg5=5-10°. It was also
supposed that the distance between adjacent mi-
cro-resonator centers with whispering-gallery oscil-
lations was equal to 297/ (2I'). Let's assume that
the mutual coupling coefficients for non-
propagating waves are unequal to zero between
adjacent micro-resonators: k__,=0.01 as well as

ss+1
the coupling between all nonadjacent micro-
resonators are unequal to zero only by propagating
waves of the transmission line. All coupling coeffi-
cients of the propagating waves are identical and

equal: (k,), =0,01.
The transmission and reflection coefficient re-

sponses from fig. 1 demonstrate that such filter can
effectively suppress in frequency band &f =5,5

THz with power level not less than 40 dB.
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Band-stop Filter Green's functions

Received above relationships (1 - 4) used for
temporal Green's functions calculation:
for the passing waves that propagate in the direc-
tion of matched termination:
i,
1+ 2iQ° &
0,1<0 )

and for the waves reflected in the direction of the
source:

(1) +——

A+ /Us‘f > O
g'(1)= Z '

i(DO iogT
e 1>0
g (1)= 1+2/QDZ 't

0,1<0 : (6)

Where o, - is the complex angular frequency

of sth coupling oscillation the micro-resonator sys-
tem in line. A time-dependence of the solutions of
Maxwell's equations is proposed to be exp(+iot) .
Calculation the form of single pulse envelops
The received above relationships (5, 6) are
used in order to find general analytic expressions
for the pulse shapes scattered on band-stop filter:
1) for the rectangular incident pulse envelops:
E,(t)=6(t—t)-0(tt,);

E;rut (t) in (t) [ out( )_ E;ru[ (tvtz )] ! (7)
Ez;ut(t) [Eout(t t ) ;ut(t’tz )] ,
where is
E: (tt)=—0__p(t—t A*e(m B
out(’v) 1 2QD ( )Z ﬁ
2) for the Gaussian pulses:
_MiC ty
Et)=—e 2 ' (®)
(e}

Egut(t) = Eln(t) '

kil

E,(t) \/E 0,0 & {Sa)}
Ji+iC 21+2/QDZAe ol 2

1 io,c
11- 0 A*
{ M+ic 21+2/QDZ

Eou(t) =~

where is

t . c
z(t) . +i(Q-o,)o,, o, Nk
The constant C defines a chirp as a magnitude
of frequency modulation of the pulse carrying [1];
— is the half-width of the pulse envelop;
3) for the soliton-like pulses with envelop, that
vary by the hyperbolic secant law:
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Fig. 2. Pulse intensity envelops as a result of scatter-
ing: (a), (b) - of rectangular pulse 0,4 ps; (c), (d) -
Gaussian (c=0,2ps;C=0,5); (e), (f) - super-
Gaussian (6 =0,2ps;m=4); (g), (h) - soliton-like
(o =0,2ps); (i), (j) - ultra-short sinc - pulse (c = 2 ps;

N, =50); (k), ()] - exponential
(0,=0,05ps;0,=0,2ps); (m), (n) - Lorentzian
(o =0,1ps)
t
E, (t) = sech(-)
o ; 9)
out(t) Ein (t) -

IO) + l(l) IG (0,
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4) for the super-Gaussian pulses:

A -N2(tio)P™
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5) for ultra-short pulses with sinc envelops:

E,.(t)=sin[N,(t/c)]/[N,(t/o)]; (11)
E,.(t)= (t)—
106 S prgitorn a(@-0,)t
“Tr2iad 2 Z j e’ sinc(&)dé& ;
() _®O
EaulD) = 1+ 2iQ°

t
ZA’ g jief°<9*ws>isinc(<:)dg

6) for the exponential pulses:
t _t

E,(t)=e"8(-t)+e *6(t), (12)
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7) for the Lorentzian pulses:

Ein(t)=1/[1+(£)2]; (13)
Eou(t) = E,-n(t)—
i A [
Ico0 i(0s-Q)t (5 gio(@-0,)¢ 1
Eul)= 1 i 1A A

Here E, =E,(t) denotes a temporal depend-
ence of the incident pulse envelops, and
E.,=E.(t) — is the electric field pulse envelops

out
passing the filter (sign plus) and reflecting in the
opposite direction (sign minus) regarding incident
pulse propagation (fig. 1, (a)). Parameter m stands
for front steepness of the super-Gaussian pulse
(10), and also their squareness degree [6]; the pa-
rameters N, and o denote ultra-short pulse dura-

tion (11); Q — is the current circular frequency of
the optical pulse. 6(t) — is the Heaviside step func-
tion; &(t)— is the Dirac delta function; erfc(z) — is

the Gauss function [2]; i =~/-1.
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Fig. 3. Result of scattering of the rectangular optical
pulse envelops of various durations: (a) - 0,8 ps; (b) -
0,4 ps; (c) - 0,2 ps; (d) - 0,1 ps

The rectangular and super-Gaussian pulse en-
velops while passing are characterized by visible
spikes of power and arise at the moment of the
greatest changes of the incident pulse envelops
(fig. 2, (a), (e)). Maximum magnitude of these
spikes are proportional to the envelop steepness of
incident pulses. Ultra-short pulses (fig. 2, (i) - (n))
are smoothed as a result of their reflections (fig. 2,
@); (O; (n)). According to the following numerical
investigations, the decreasing of rectangular and
super-Gaussian optical pulses’ durations result in
compression and even some peak magnitude in-
creasing (fig. 2, (f); fig. 3, (b)), whereupon the
amplitudes decrease (fig. 3, (c) - (d)). Marked phe-
nomenon indicates the possibility of using the
band-pass filters for the compression of some
pulses.
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Fig. 4. Scattered Gaussian pulses (o =0,2 ps)
various chirps: (a), (b) - C=3; (c),(d)- C=9

Fig. 4 shows the result of scattering of a Gaus-
sian pulses versus chirp parameter. It obvious that
the chirp increasing reduces a reflected pulse width
and increases the pulses passing through band-
stop filter.
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Fig. 5. Rectangular pulse envelops that pass (a); are
reflectied (b) by filter at various frequencies: 1 -

Q=1010,;2- Q=102m,; 3- Q=104w,

While exploring to the sources’ instability it was
discovered that it affects pulse scattering. The
frequency deviation comparing to central carrier

frequency “ substantially deforms as well as

passed and reflected pulses (fig. 5). According to
that there is possibility of transmitted pulses
compression at some "optimal" frequency deviation
comparing to the central frequency of the filter
(curve 2, fig. 5, (a)).

Hence, according to the conducted calculations
for minimal pulses’ changes the indicated
frequency deviation would not exceed the value of
0,01% relatively to central frequency of the filter
Wy

To conclude, the problem of a pulse mutual in-
fluence was examined and it appears at consistent
scattering in the system of micro-resonators. Such
influence is most distinctly of rectangular and also
super-Gaussian pulses. Fig. 6 shows a calculation
result of envelops for a few scattered rectangular
pulses. One can see that spectral component
redistribution leads to certain monotonous
increases in the maximum reflected amplitudes.
The mantioned amplitudes increase or decrease
depending on pulses duration or relatively to
temporal magnitude between falling pulses’
centers. The Gaussian and soliton-like trains have
slight changes under scattering. Thus the bad
observable pulses (fig. 7, (a)), or well observable
pulses (fig. 7, (b)) remain the same after scattering.
These pulse envelops do not change, and their
scattering result look as insignificant temporal
delay.
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Fig. 7. Two Gaussian pulse envelops reflected from
micro-resonator filter (c =0,2 ps; temporal interval
between pulse centers are: (a) - 0,5 ps; (b) - 0,9 ps)

Conclusion

Thus developed analysis enables us to
determine a series of demands for pulses, filters
and optical sources, used in the communicative
systems. Providing of minimal distortions for optical
pulses at their scattering on band stop filters re-
quires matching the following conditions:

The frequency width of a band reflection of the
filter must exceed at least 5 — 10 times com-
paring to the opposite quantity of minimal
duration &t that is the magnitude of dropped
optical pulses.

Temporary interval between adjacent pulses
shouldn’t decrease more than two times of
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minimally acceptable pulse duration 6t . The

precise optimal value of this parameter can be
determined by band-stop filter’s characteristics.

o
=
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Fig. 6. Mutual influence of rectangular pulses under
their reflection from micro-resonator system (Each
incident pulse has the duration, is equal 0,2 ps; the
temporary interval between adjacent pulse centers is

ot =0,4 ps)

[

The frequency modulation of reflecting pulses
can excites the decrease their width.

Relative instability magnitude of the frequency
carrier of the signal sources doesn’t exceed
the value of 0,01 %.
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The pulses with rectangular envelops can be
compressed by the proper selection of optimal
parameters of the band stop filter or by optimal
displacement of the carrier frequency.

Enumerated maintenance conditions allow

asserting acceptable level of entered distortions
and therefore the necessary quality of transmission
as well as receiving of optical signals at the band-
stop filter.
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Po3scitoBaHHA iH(ppavyepBOHUX ONTUYHUX iIMNYSILCIB PEXEKTOPHUMU

¢dinbTpammn Ha KinbUueBUX MiKpope3oHaTopax

0.0. Tpy6iH, o-p TEXH. HAayK

HauioHanbHuin TexHiYHWI YyHUBepcuTeT YKpaiHy “KMIBCbKMI NOMITEXHIYHWIA IHCTUTYT,
np. MNMepemoru, 37, Knie-56, 03056, YkpaiHa.

BOJIOKOHHO-ONTUYHNX CUCTEM 3B'A3Ky. Bion. 7, puc. 7.

HaBegeHo pe3ynbTaTtu gochnigXeHHs O6BiAHMX HaNGINbL NOWMNPEHUX ONTUYHUX IMNYINbCIB WO
pO3CiBalOTbLCSA PEXEKTOPHUMU PiNnbTpaMmu B 3aNeXHOocCTi Bif ix ¢popmMu, 4acoBOI AOBXUHU, HAaCTOTU
Hecyu4iin, moaynsuii Ta iH.
Po3rnsiHyTo MOXNUBICTbL CTUCHEHHSA iMNYNbCIB, a TaKoX npouecu iHTepdepeHLil, Wo BUHUKa-
IOTb B pe3yJibTaTi po3CiloBaHHA AeKinbKox imnynbciB. CchopmynboBaHO BUMOru Woao napamMeTpiB

KnrouoBi cnoBa: [ayciecbkili onmuyHul iMMAyrnbc, cyrnepeayciecbKuli iMynbc, MApSIMOKYmMHuUU
iMAymbC, conmimoHonodibHUL iMMyrbC, SiNC iMIyrbC, JIOPEHYIBCHKIl iMIMYIIbC, eKCIOHEeHUianbHUl iMyribCe,
pexekmopHul inbmp, MiKpope3oHamop.
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PaccenBaHue MHdpakpacHbIX ONTUYECKUX UMMNYNbCOB PEXEeKTOPHbI-
MU ouNbTPaMM Ha KoJNbLEeBbIX MUKPOpPEe3oHaTopax

A. A. TpybuH, O — p., TEXH. HayK
HaumnoHanbHbIN TEXHUYECKUI YHUBEPCUTET YKpanHbl “KNEBCKUIN MONTUTEXHUYECKUN NHCTUTYT,
np. MNMobeasl, 37, Knes-56, 03056, YkpaunHa.

MpuBeaeHbl pe3ynbTaTbl UCCNEeAOBaHUA Oornbarwwmx Hanbornee pacnpocTpaHEHHbIX onTuye-
CKUX UMMNYJIbCOB, pacceMBaeMbIX PeXeKTOPHbIMU uUbTpaMu, B 3aBUCMMOCTU OT UX (hpOpMbl,
BPEMEeHHOM ANUTENbHOCTU, YacTOThl Hecylluen, Mogynsauum v ap.

PaccmoTpeHa BO3MOXHOCTb CXaTusi UMNYJIbCOB, a TaKke Nnpoueccbl MHTepdepeHUnmn, BO3HU-
Karowme B pe3ynbTaTte pacCesiHUs HECKONbKUX uMmnynbcos. CcdopmynupoBaHbl TpeboBaHuUA K na-
pameTpamM BOSIOKOHHO-ONTUYECKUX cuctem cBA3n. bion. 7, puc. 7.

KntoueBble cnoBa: [ayccosckuli onmu4ecKull UMIysibC, CyriepaayCco8CcKulli UMMyrbC, MPsMOyaosib-
HbIl UMYbC, COMUMOHOMNOOO0BHBbIU UMMY/bC, SINC UMMYMbC, JIOPEHUEBCKULU UMIYIbC, 3KCrOHeHUuarlb-
HbIU UMIYIBC, PeXeKMOpPHbIU ¢huribmp, MUKpOpe3oHamop.
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