Chapter 2
MRR Systems and Soliton Communication

Abstract The nonlinear Schrodinger equation (NLSE) is an appropriate equation
for describing the propagation of light in optical fibers. The optical solitons are very
stable against perturbations, where it is property of a fundamental soliton makes it
an ideal candidate for optical communications. To have the secured communica-
tion, the performance of resonators should be considered in terms of resonance
width, the free spectral range, the finesse, and the quality factor. When an optical
soliton pulse input into the nonlinear microring resonator (MRR), the large optical
bandwidth of the output signals can be generated, where the nonlinear behavior of
self-phase modulation (SPM) keeps the large output power. High capacity of optical
pulses can be obtained if the full width at half maximum (FWHM) of these pulses
are very small, thus the intensity build up can be performed inside the micro and
nanoring systems.

Keyword Nonlinear Schrodinger equation (NLSE) - Optical fibers - Microring
resonators (MRRs) - Soliton communication - Self-phase modulation (SPM)

2.1 Evaluation of Soliton

The nonlinear Schrédinger equation (NLSE) is an appropriate equation for
describing the propagation of light in optical fibers using normalization parameter
such as: the normalized time T, the dispersion length Ly and peak power of the
pulse P the nonlinear Schrédinger equation in the terms of normalized coordinates
can be written as [1]:

.[(Ou 5 (0%u o2

where u (z, t) is pulse envelope function, z is propagation distance along the fiber, N
is an integer designating the order of soliton and o is the coefficient of energy gain
per unit length, and with negative value it represents energy loss. Here, s is —1 for
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negative f, (anomalous GVD-Bright soliton) and +1 for positive 5, (normal GVD-
Dark soliton) as shown in Figs. 2.1 and 2.2 [2],
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(2.2)

with nonlinear parameter y and nonlinear length Ly .

It is apparent that SPM dominates for N > 1 while for N < 1 dispersion effects
dominates. For N ~ 1 both SPM and GVD cooperate in such a way that the SPM-
induced chirp is just right to cancel the GVD induced broadening of the pulse. The
optical pulse would then propagate undistorted in the form of soliton. By inte-
grating the NLS, the solution for the fundamental soliton can be written as [3, 4]

u(z,t) = sec h(t) exp(iz/2) (2.3)

where, sec h(t) is hyperbolic scent function. Since the phase term exp (iz/2) has no
influence on the shape of the pulse, the soliton is independent of z and hence is non
dispersive in time domain. It is property of a fundamental soliton makes it an ideal
candidate for optical communications. Optical solitons are very stable against
perturbations [5]; therefore they can be created even when the pulse shape and peak
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power deviates from ideal conditions (values corresponding to N = 1). Soliton can
be used for Secured Communication. To have the secured communication, the
performance of resonators should be considered in terms of resonance width, the
free spectral range, the finesse, and the quality factor. A fiber optic ring resonator
consists of a waveguide in a closed loop which is coupled to one or more input/
output (or bus) waveguides. A simple MRR is shown in Fig. 2.3.

2.2 MRR Used to Generate Chaotic Signals

Ring resonator provides traveling wave procedure, unlike the standing wave
characteristic of Fabry-Perot resonators (F-P) [6-8]. Ring resonator can be con-
sidered as an interferometer device, which resonates for light whose phase change is
an integer multiple of 2 after each trip around the ring. Part of light that does not
contribute this resonant condition will be transmitted through the bus waveguide.
Signal loss occurs when light is transmitted through the fiber, especially over long
distances such as undersea cables. The expression for the resonant wavelengths of
the ring is very similar to that of the F-P and is given by

N 27IRI’leﬂ'

I (2.4)

m

where, R is the ring radius constructed with circular waveguide and m is an integer.
In this situation the device will act as a phase filter where all wavelengths are
transmitted and the resonant wavelengths, having also traversed the ring, acquires a
phase change. To capture or separate the resonant wavelengths from the rest, an
additional waveguide as an output bus, can be positioned on the opposite side of the
ring. In this case the ring resonator is known as an add/drop filter system [9, 10].
The key performance parameters of the ring resonator include the free spectral
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range (FSR), the extinction ratio (ER), and the finesse [11]. The expression for the
FSR of a ring resonator is given by
/{2

AL = 2.5
4 2nRn, (2:5)

The nonlinearity of the fiber ring is of the Kerr-type, wherein the nonlinear
refractive index is given by [12, 13]

n:n0+n21:n0+(n2>P, (26)
Aty

where ng and n, are the linear and nonlinear refractive indices, while I and P are the
optical intensity and optical field power, respectively. Here, the fiber coupler is
considered as a point device and is reciprocal. The linear and nonlinear phase shifts
of the ring resonator can be expressed by ¢, = kLng and ¢,; = kLn;|E; |2, where
k =2n// is a wave number, and L = 27R is the circumference of the ring reso-
nator, where R is the radius of the ring resonator. Mathematically, the subsequence

equations of the round-trip within the system is given by [14, 15].

Epi1 = j/ (1 = )KEip + /(1 = 9)(1 — k) xE, exp(—j(dg + dur)) (2.7)

Here, the subscript n denotes the number of round-trips inside the system. This
equation has to be satisfied with boundary conditions appropriate for ring. The
transmission around the single ring resonator is represented by

7' =exp(—al/2 — jk,L) (2.8)

where k, is the propagation constant and «L/2 is the ring loss (round-trip loss),
which includes propagation loss, losses resulting from transitions in the curvature,
and bending losses. The value of o (unit length™") depends on the properties of the
material and the waveguide used, and it is referred to as the intensity attenuation
coefficient, where L is the circumference of the ring resonator. In order to describe
this, we consider a ring resonator connected to a single coupler that extracts light
from the ring into the output waveguides [16, 17].

When an input electric field, E; is coupled to the ring waveguide through an
external bus waveguide, a positive feedback is induced and the field inside the ring
resonator, E, starts to build up. The feedback mechanism will be induced by the
ring waveguide [18], therefore does not need any further requirements such as
Bragg gratings, mirrors, or distributed feedback waveguides with difficult fabrica-
tion process. Due to on-resonant certain wavelength of the input signals inside the
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ring waveguide, frequency selectivity is obtained. The inserted and transmitted
electric fields into the ring resonator are expressed by

Ey = (1= ) [JE/K + BT — ] (2.9)

E = E, exp<f %L fjk,,L) (2.10)

where k, = 2”;’6” and y denotes the intensity insertion loss coefficient of the

directional coupler and 7. is the effective refractive index. Therefore, the refractive
index n quantifies the increase in the wave number (phase change per unit length)
caused by the medium [19, 20]. Here, the effective refractive index n.s has the
similar meaning with light propagation in a waveguide, where it depends not only
on the wavelength but also on the mode, in which the light propagates. The ratio of
the output and input powers which is E,/E; can be calculated as [21, 22].

V1I—k—(1- y)% -exp(—%L — jk,L)
1= (1—7) - VT—rx-exp(—2L — jk,L)

E,
2T (1 — )
g =07

O

(2.11)

In the following new parameter will be used for simplifying:

D=(1-9), x=D~exp(—g-L), y=vVI=x, ¢ =kl

Intensity relation to the output port is given by:

(1=
(1- xy)2+4xy - sin® (%)] (2.12)

Maximum and minimum transmission can be calculated when sin? (%) is “1” and
“0” respectively. Therefore;

Ty = D - (1@:;7”;2 (2.13)
Toin = D* - m (2.14)

The minimum transmission, T, occurs at the resonant point when the circum-
ference of the ring L, is an integer number of the guide wavelength, which is given by

=k, - L =2mn, m = integer,
¢ n & (2.15)
m-A,=n-L
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Here, m is the mode number,4,, is the resonant mode wavelength. The on-off

ratio for the single ring resonator is defined as the ratio of the on-resonance intensity
to the off-resonance intensity which is maximum at 7,;, = 0. Therefore x = y and

1 1—x
otlen< 3 ) (2.16)

This relationship given by Eq. (2.16) is also referred to as critical coupling,

I,
where the maximum on-off ratio Tt(Z mn) = 0 can be obtained by varying the

coupling coefficient (k) or the intensity attenuation coefficient (a).

2.3 Resonance Bandwidth

Resonance bandwidth determines how fast optical data can be processed by a ring
resonator. The resonator bandwidth is given by the full-width at half-maximum
(FWHM or 3 dB bandwidth) d¢ [I/I;(¢) = 0.5] and the finesse F of the resonator is
given by:

2(1 —xy)
S

To understand how the bandwidth of the resonator is affected by the coupling
coeflicient k, we will consider critically coupled ring resonator [23, 24]. In such a case,

S = (2.17)

5 = fﬁk (2.18)

Therefore, the lower coupling coefficient, the smaller resonance bandwidth is
obtained.

2.4 Finesse

The finesse of the resonator is defined as a ratio of the free spectral range and the
full width at half maximum of the resonance. For the Fig. 2.2 using FSR (frequency
spacing between two resonance) in terms of the is equal to 27 and thus the finesse is
given by [25-27]

LV (2.19)
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2.5 Free Spectral Range (FSR)

The frequency spacing between two resonance peaks is called the free spectral
range which can be calculated. The phase constant which corresponds to ¢ = 2
(m + 1)z is defined as Q. The phase constant corresponds to ¢ = 2(m + 1)z is
defined as @ + AQ. The frequency shift Af and the wavelength shift A4 are related to
the variation of the phase constant AQ as Af = (¢/2m) - AQ and AL = —(\127) - AQ.
The resonance spacing in terms of the frequency f and the wavelength A are given
by [28, 29]

Af = 2.20
= (2.20)
and
12
A4 = ‘— ’ (2.21)
Ngr - L
where ng, is the group refractive index, which is defined as;
dngﬁ

r = No — A 2.22
ng Nefy i | ( )

2.6 Quality Factor

Another value for characterization of ring resonator is the Q factor, The Q factor of
the resonator is a measure of the sharpness of the resonance. In analogy with
electrical circuit, the quality factor of an optical waveguide due it stored energy and
the power lost per optical cycle. The Q factor is defined as [30-32]

0= stored energy (2.23)

Power Loss

where o is the frequency of the light coupled to the resonator. The Q factor of the
resonator can be calculated from.

_fo Jo
Y

0 (2.24)

The Q factor is the ratio of the absolute frequency f; or absolute wavelength A
to the 3 dB bandwidth (&f or d4). The shape and the bandwidth of the fiber response
is determined by Q factor. The finesse and the Q factor are both important when one
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is interested in both the FSR (Af or A1) and the 3 dB bandwidth (6f or 1). They are
related by
O fo 1o

F A AL

(2.25)

2.7 Chaotic Soliton Signal Generator

SMRR consists of a single coupler and a micoring resonator. The nonlinearity of
the fiber ring is of the Kerr-type wherein the nonlinear refractive index is given by
[33, 34]

n=ny+nl =ng+ (ﬂ) P, (2.26)
At

where ng and n, are the linear and nonlinear refractive indices, respectively. I and
P are the optical intensity and optical field power, respectively. The effective mode
core area of the fiber is A.4. Schematic of SMRR is illustrated in Fig. 2.4.

Input light of monochromatic Gaussian laser beam is introduced into the system.
The fiber has a nonlinear refractive index of n, and a linear absorption coefficient of
o. The intensity coupling coefficient of the fiber coupler is x, where 7 is a coupling
loss of the field amplitude. The fiber ring has resonant condition for the specific
wavelength in linear case. Here the fiber coupler is considered as a point device and
is reciprocal. The relation between the electric fields E; and E,, can be expressed
using the nonlinear form as [35, 36]:

Ey = Exxexp{—j(¢o + dnr)}s (2.27)

where ¢, = kLng and ¢, = kLny|E; |2 are expressed as linear and nonlinear phase
shift, k = 27/ 2 is a wave number and L is the circumference of the ring resonator.
x = exp(—aL/2) represents a round trip loss for the input pulse propagating inside

Fig. 2.4 Nonlinear silicon
microring resonator (SMRR)
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the SMRR. Mathematically, the subsequence Equations of the round trip within the
system is given by [37, 38]

Eppr =jv/ (1= )KEp + /(1 = 9)(1 — k) xE,exp(—j(¢o + dnr)),  (228)

where the subscript “n” denotes the number of round trip inside the SMRR. This
equation has to be satisfied with boundary conditions appropriate to SMRR. In order
to definiteness, we consider a SMRR connected to a single coupler that extracts light
from the ring into the output waveguides, as schematically shown in Fig. 2.4. Here,
general case with external field, injected into the SMRR has been studied. To have
more simplicity, we consider that the coupler device is ideal, where it simply splits the
input fields without internal losses at the operating wavelength. We also ignore
reflectivities at the coupler—waveguide interface, which is usually a good approxi-
mation due to the same structure of the output waveguides and the coupler. Regards to
steady situation, the output field can be expressed as [39-41]:

1— 9 En|V1I—x— V1 —7yrx exp (=j(Po + dwr))

Eou = : ’
1— /(1 =9) (1 —x)x exp (—j(¢o + dnr))
(2.29)
Thus the output power of the light field is given by
Pour = |Eou EZut (230)

Equation (2.29) is mathematical relation used for characterizing of nonlinear
effects of the ring resonator system. Therefore, nonlinear refractive index, coupling
coefficient, and the radius of the SMRR system are variable parameters that cause
the nonlinear behavior to be seen in different roundtrip and input power.

MRR’s input optical power can be in the form of an optical soliton pulse or a
laser Gaussian beam expressed by Eqs. 2.31 and 2.32. The advantage of using
optical soliton is that, it can be used to generate chaotic filter characteristics while
propagating within the MRRs [42]. When the input pulse is brought into the MRRs
system shown in Fig. 2.6.

T Z .
E;, =Atan h [70] exp KE> — zwot} (2.31)

Ei(t) = Eyexp/®® (2.32)

A and z are optical field amplitude and propagation distance, respectively. T is
the time of soliton pulse propagation, where Lp = Tj / |5,] is the dispersion length
of the soliton pulse and, S, is the propagation constant. Therefore, a soliton pulse
describes a pulse, which keeps its temporal or spatial width invariance while it
propagates inside the MRRs system. Soliton peak intensity is expressed by
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(|82/T'T3]), where I' = ny x ko, is the length scale over which dispersive or
nonlinear effects causes the beam to be wider or narrower. For a temporal soliton
pulse in the micro ring device, a balance should be achieved between the dispersion
length (Lp) and the nonlinear length (Ly; = (1/ypnz), where y and ¢p; are a
coupling loss of the field amplitude and nonlinear phase shift. Here ¢, = kLny is
linear phase shifts. The refractive index (n) is given by [43, 44]:

n=no+ml = no -+ (ﬂ) P, (2.33)
ye

In which ng and n, are the linear and nonlinear refractive indices, respectively.
1 is the optical intensity and P is the optical power. For the micro ring and nano-ring
resonators, the effective mode core area ranges from 0.50 to 0.1 um® MRRs
proposed system is consisting of series of ring resonators. This system can be
connected to a rotatable polarizer and a beam splitter, which is used to generate
distinct optical soliton pulses and quantum codes with greeter free spectrum range
(FSR), shown by Fig. 2.5.

When the input pulse introduced into the MRRs system as shown in Fig. 2.5, the
resonant output is built up in the series of MRRs, where Eq. (2.34) can express the
normalized output of the light field [45, 46].

’_ (ly)ll (1— (1= )2

(I—x MMY +4xyT—p/1 -« sinz(%)
(2.34)

Equation (2.34) points that a ring resonator in this exacting case is comparable to
a Fabry-Perot cavity which is consisting of an input and output mirror with a field
reflectivity, (1 — k), and a fully reflecting mirror. Equation (2.34) shows the output
power from each ring resonator, which is realized as input power for the next ring
resonator. Simulation results of the mathematical equations provide applicable

Initial state
D|

[VV>4HH> i, v)
Da.rLSqutnnpuIsc. O O .l“’> i HH>

Em * Eou ) |H>

(;ausslan Pulse Rotatable
polarizer

Fig. 2.5 System of a discrete pulses generation, where PBS polarizing Beam splitter, Ds detectors,
Rs ring radii and x, coupling coefficients
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Fig. 2.6 Systems of multi optical soliton pulse generation a multi soliton generation, b multi
soliton trapping and storage, R, ring radii, x; coupling coefficients, x3; and x5, are coupling losses

optical soliton pulses to generate quantum codes, used for the secured networks
communication.

When an optical soliton pulse input into the nonlinear MRR, the large optical
bandwidth of the output signals can be generated, where the nonlinear behavior of
self-phase modulation (SPM) keeps the large output power. Chaotic signals can-
celation can be done using an optical add/drop filter system. The schematic of the
two proposed systems are shown in Fig. 2.6.

The bright soliton pulse is introduced into the proposed system. The input
optical field (E;,) of the optical bright soliton can be expressed as,

T
E;,, = Asech {TJ exp [<2IZ)> - ia)ot} (2.35)

A and z are the optical field amplitude and propagation distance, respectively.
T is a soliton pulse propagation time in a frame moving at the group velocity,
T =1t — py x z, where f8; and f3, are the coefficients of the linear and second order
terms of Taylor expansion of the propagation constant. Lp = T3 / |, is the dis-
persion length of the soliton pulse [47, 48]. The frequency shift of the soliton is wy.
This solution describes a pulse that keeps its temporal width invariance as it
propagates, and thus is called a temporal soliton. When a soliton peak intensity
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(|8,/T'TZ|) is given, then T, is known. For the temporal optical soliton pulse in the
microring device, a balance should be achieved between the dispersion length (Lp)
and the nonlinear length (Lny = (1/ I'gny), where I” = ny % ko, is the length scale
over which dispersive or nonlinear effects makes the beam becomes wider or
narrower, hence Lp = Ly . When light propagates within the nonlinear medium, the
refractive index (n) of light within the medium is given by [49]

n=ny+nl =ny+ (£> P, (2.36)
Ay

ng and n, are the linear and nonlinear refractive indexes, respectively. I and P are
the optical intensity and optical power, respectively. The effective mode core area
of the device is given by A, For the MRR and NRR, the effective mode core areas
range from 0.50 to 0.10 pm?. The resonant output can be formed; therefore the
normalized output signals of the light field which is the ratio between the output and
input fields (Eoy (t) and E;, (t)) in each roundtrip can be expressed by [50, 51]

2

) =(1—y)[1— (1-(1=y)x)x

(1 =xvT= VT = 1) +4xy/T= VT~ wsin’(5)
(2.37)

In this investigation, the iterative method is introduced to obtain the results as
shown in Eq. (2.37), similarly, when the output field is connected and input into the
next ring resonators. In order to retrieve the signals from the chaotic noise, we
propose to use the add/drop device with the appropriate parameters. The optical
outputs of a ring resonator add/drop filter are given by.

E (1= ki) = 2/T— &1 - /T = kae #cos(kL) + (1 — r)e (2.38)

En| 14 (1—x1)(1—xa)e Lt —2/T—x; - /T —12e73 cos(k,L) '
and

Bl _ Kikge 8 (2.39)

En| 1+ (1 —x)(1 —rxo)e ™ —2/T =k - /T —r2e 3" cos(k,L) '

E, and E, represent the optical fields of the through port and drop ports,
respectively. f = kn.g is the propagation constant, n.g is the effective refractive
index of the waveguide, and the circumference of the ring is L = 2zR, with R as the
radius of the ring. New parameters are introduced for simplification with ¢ = SL as
the phase constant. By using the specific parameters of the add/drop device, the
chaotic noise cancellation can be obtained and the required signals can be retrieved
by the specific users. x; and x, are the coupling coefficients of the add/drop filters,
k, = 2m/A is the wave propagation number in a vacuum, and the waveguide (ring
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Fig. 2.7 Schematic diagram of a PANDA ring resonator connected to an add/drop filter system

resonator) loss is a = 0.5 dBmm ™. The fractional coupler intensity loss is y = 0.1. In
the case of the add/drop device, the nonlinear refractive index is neglected. High
capacity of optical pulses can be obtained when the full width at half maximum
(FWHM) of these pulses are very small, where the intensity build up can be
performed inside the micro or nanoring system. The proposed system consists of a
PANDA ring resonator connected to an add/drop filter system, shown in Fig. 2.7.

The laser Gaussian pulse input propagates inside the ring resonators system
which is introduced by the nonlinear Kerr effect. The Kerr effect causes the
refractive index (n) of the medium to vary as shown by

n=no+nal = no + 2P, (2.40)
Agr

where ng and n, are the linear and nonlinear refractive indexes, respectively. I and
P are the optical intensity and the power, respectively. A,4is the effective mode core
area of the device. For an add/drop optical filter design, the effective mode core
areas range from 0.50 to 0.10 pm?. The parameters were obtained by using practical
parameters of used material (InGaAsP/InP) [52, 53]. Input optical fields of Gaussian
pulses at the input and add ports of the system are given in Eq. (2.41).

Ei(t) = En(t) = Egexp Ké) - iwot}, (2.41)

E; and z are the optical field amplitude and propagation distance respectively. Lp
is the dispersion length of the soliton pulse where 7 is the soliton phase shift time,
and where the carrier frequency of the signal is wy. Soliton pulses propagate within
the microring device when the balance between the dispersion length (Lp) and the
nonlinear length (Lyy, = I/ 'gy;) is achieved. Therefore Ly = Ly;, where I'= ny X ko,
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is the length scale over which dispersive or nonlinear effects make the beam
become wider or narrower. For the PANDA ring resonator, the output signals inside
the system are given as follows:

E =+/1 —yl(\/l ~rEs +j\/EIE,»1) (2.42)

E, = E()Elei%ijk"%, (243)
where «, 7, and a are the intensity coupling coefficient, fractional coupler intensity
loss and attenuation coefficient respectively. k, 2—” is the wave propagation

number, 4 is the input wavelength light field and L = 27tRpANDA where, Rpanpa 1S
the radius of the PANDA system, which is 300 nm. The electric field of the small
ring at the right side of the PANDA rings system is given as [54, 55]:

(=)L =) = (1= y)e¥a-ius

1 — /T =T = kge ikl ’

where Ly = 21 R, and R, is the radius of right ring. Light fields of the left side of
PANDA ring resonator can be expressed as:

E =17, [\/1 ~ ks +j\/K_2E,»2}, (2.45)

E, = E()LE367%_§7jk”%7 (246)

Ey=E

(2.44)

where,

(L =)L = &3) — (1 —y)e bl

1= VT /T = kye dadbals

Here, L, = 2nR; and R; is the left ring radius. In order to simplify these

Eor = E; (2.47)

equations, the parameters of x;, x,, y; and y, are defined as: x; = /(1 —v,),

x2=+/(1=y,), y1 =+/(1 —x1), and y, = /(1 — Kk2). Therefore, the output

powers from through and drop ports of the PANDA ring resonator can be expressed
as [56-58]

4y 1 [CE;G* 4+ DEpG?

_ —L kL il i2

E,y —AE“ — BEpe ™2 J 2|: 1~ FG2 s (248)
- Ak EoEn G + xl\/’—ﬁEisz

Ep = x2y2Ep e ) (2.49)
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_ _ _ 2
where, A = x1x9, B = x1xy2v /K1 EoL, C = x1xK1+/K2E0Eor,

D= (xlxz)zylyz\/;clrconEéL, G= (67%7jk”%> and F = x1x2y1y2E0Eor.

E,;, output from the PANDA system can be input into the add/drop filter system
which is made of a ring resonator coupled to two fiber waveguides with proper
parameters.

Output powers from the add/drop filter system are given by Egs. (2.50) and
(2.51), where E;; and Ey4 are the electric field outputs of the through and drop ports
of the system respectively.

I3 |Es 2_ 1 — Ky — 2T = k4/T = ks5e7tat cos(kyLag) + (1 — Ks)eLad

I,l a Etl o 1+ (1 — K4)(1 — KS)eﬂxL‘“’ — 2\/1 — K4\/1 — K5€77&L“f’ COS(knLad)
(2.50)

Ly |Eu 2_ Ky - Kse?lud

Lt Eq|l 1+ (1 —kg)(1 = ks)eLa — 23/T — tign/T — kserlet cos(kyLag)
(2.51)

where, k4 and ks are the coupling coefficients of the add/drop filter system, L,; =
27 R,q andR,; is the radius of the add/drop system.
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