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Abstract Silicon-based microring resonator (SMRR) is required to select the specific
channels in a wavelength division multiplexing systems. SMRRs also have applications in
optical filters, data storages and bio-sensors, due to their significant advantages such as
versatile wavelength-selective elements, compact size, fast operation and compatibility
with current optical infrastructure, as well as being able to divert groups of inputs light and
synthesize a wide class of filter functions. Here, we proposed a system for multiple mode-
locked soliton generation, where the photonic circuits simulator PICWave software made
by photon design based on the time-domain travelling wave method is used for modeling
passive and active photonic circuits. A mode-locked spectrum possessing a spacing of
30 ps and a full width at half maximum (FWHM) of 10 ps was generated and input into the
ring system. The subsequent multiple mode-locked soliton pulses had a free spectral range
of 25 GHz and FWHM of 630 MHz, which corresponded to 0.2 nm and 5 pm respectively,
with a 40 ps pulse duration and 200 GHz repetition. The obtained finesse was approxi-
mately 39.7, and the Q-factor was approximately 3 x 10°.

Keywords Silicon-based microring resonators (MRRs) - PICWave - Time-domain
travelling wave (TDTW) - InGaAsP/InP saturable absorber - Mode-locked soliton

1 Introduction

Silicon planar microring resonators (MRRs) waveguide have been investigated through

wide scope of photonics applications including multiplexers (Alavi et al. 2014a, b), sensors
(Ahmed et al. 2016b), switches (Gundogdu et al. 2007), filters (Malka et al. 2015), coupler
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(Jalas et al. 2011) routers, modulators, delayers, and detectors (Feng et al. 2012). MRR
provide large Q-factor, thus it has a long light-analyte effective interaction length which
can be beneficial for reducing the device’s dimensions (Chao and Guo 2006). Conventional
fiber-based sensors face many limitation issues, where the MRRs effectively influence the
efficient performance of the sensing devices (Ahmed et al. 2016c¢). In this case the sensing
performance affected by the size of the device (Sun and Fan 2011; Harun et al. 2006;
Ahmad et al. 2005). Moreover, additional features of the MRR incorporating faster
response, lack of electromagnetic interference, low consumption of power, a smaller
footprint and simple multiplexibility are the positive advantages over the electrical and
mechanical based sensors (Ciminelli et al. 2014). The critical parameters of the microrings
such as the free spectral range (FSR), sensitivity, detection limit and full width at half
maximum (FWHM) have the highly impact on the Q-factor of the device. Also, better
sensitivity for the large Q factor MRR indicating longer length of light-analyte interaction.

A sufficiently intense pulse of light inputted into a MRR will trigger nonlinear light
behaviour (Spyropoulou et al. 2011). The system characterization can be performed via
several methods (Almeida et al. 2004), and suitable system parameters allow for ring
resonators to act as filter devices by which soliton signals can be generated (Lin and
Crozier 2011; Amiri et al. 2015a, b; Amiri and Ahmad 2014). Add-drop filters are
appropriate for on-chip design (Soltanian et al. 2015; Amiri et al. 2014a, b). A system
containing an add-drop filter ring resonator connected to a smaller ring for filtering chaotic
signals is capable of multiple mode-locked soliton transmissions. Mode-locked fiber lasers
which produce picosecond time-duration optical pulses at gigahertz repetition rates are
ideal candidates for use in time-division multiplexed (TDM) optical interconnects (Runser
et al. 2001; Seo et al. 1996).

The techniques to generate the mode-locking in a laser may be Arranged into classes
either ‘active’ or ‘passive’ (Fermann 2016). The active techniques generally involve uti-
lizing an external signal to cause a modulation of the intracavity light (Li et al. 2014). The
passive techniques do not utilize an external signal, but require placing some element into
the laser cavity which induces self-modulation of the light (Ducasse et al. 2013). MRRs
have a number of qualities which make them attractive for ultra-fast pulse generation via
active or passive mode-locking (Amiri et al. 2014a, b, ¢, d). Semiconductors have been
well demonstrated as a suitable material for the saturable absorber (SA) necessary for
mode-locking (Chen et al. 2014; Alves et al. 2014). The potential of a semiconductor
mode-locked laser with a dense mode spacing (30 ps) as an optical source is used to
generate 25 GHz multiple mode-locked soliton pulses within the MRRs system is studied.
The pulses are applicable in wavelength division multiplexing (Tsatourian et al. 2013;
Amiri et al. 2015a, b, c, d). In this research, a mode-locked spectrum was generated by a
laser cavity, which incorporated a laser and a SA, and input into a ring resonator system
that consisted of an add-drop filter system connected to a smaller ring resonator.

In order to form the multi-function operations, for instance, control, tune, amplify, the
additional input such as Gaussian with spectral profile is introduced into the system. The
function of the proposed MRRs is to combine and filter the inputs as mode-locked laser and
Gaussian. The filtering process performed during round-trip of the inputs within the MRRs,
therefore, slicing the spectrums obtained. The advantage of using the add-drop filter system
is to generate spatially uniform multi-solitons that can be filtered (Amiri et al.
2014a, b, c, d). Multiple mode-locked laser output was produced, and thus validated the
proposed system as a suitable device for applications involving WDM.
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2 Time-domain travelling-wave model

The traveling-wave equations describing the propagation of the optical field inside the
MRR cavity along the longitudinal z and transverse r directions can be written as

6 + r,Z, a = r,z, [

where the expression on the right side of the Eq. 1 is complex and the symbols presented as
ve = (c/ng), ng, ¢ and f are respectively the group velocity, the group refractive index, the
light velocity in free space, and the longitudinal propagation coefficient. The slowly
varying envelopes of the forward and backward traveling wave along the longitudinal
direction are shown as y* and ~. Furthermore, the mathematical propagation fields
distribution along with the effective one-dimensional (1-D) (longitudinal direction) (Yu
1996) and in quasi-three dimensional (3-D) (longitudinal and transverse directions) (Yu
and Lo 1996) are respectively stated in [H(r,z,1)] (i.e. Eq. 1), where corresponding for-
mula presented as follows:

ASeﬁC(L l‘)ké, 1-D

[H (r, 2,1)] = 13( o

(2)
A r—) + Ag(r, z, t)kg, 3-D

or

Within the above equation kg = (27/4¢) means the wavevector for each term, and A
accordingly, is the operating wavelength. Besides, A¢,;and Ae in term 1 and 2 of Eq. 2 are
respectively the effective modification of the permittivity along the 1-D and quasi-3-D
geometry of the waveguide. As such, the aforesaid expression in Eq. 1 can be used to
define the general behavior of the optical fields propagating either along 1-D direction or
quasi-3-D space inside the MRR cavity. The time-domain traveling-wave method as the
solution of the time-space [H(r,z, )] can be exploited according to Zhang et al. (1994).
Thus, the time and spatial variation of wave equations can be linearly treated by a first-
order difference approximation to the partial differential in Eq. 1, thus through selecting
the relation between time and the spatial step as Az = v, - At, we have

UE(r 2+ Azt + Ar) = [1 +i[H(r,z,1)] - Az/ 2B (r, 2, 1) (3)

where At is a constant time step and Az is the propagation distance. If the initial value of

*(r,z,1) at time ¢ and location z is known, the fields Y (r, z, + At) at the next time step
t + At can be determined at the position z + Az from Eq. 3.

3 Proposed microring resonator system

The proposed system for multi mode-locked soliton generation is shown in Fig. 1. A mode-
locked laser and a Gaussian laser beam are used as inputs. The Gaussian laser beam is used
to control the output signals.

The MRRs are made of silicon semiconductor with Si core having refractive index of
3.65 surrounded by SiO, (n=145). The nonlinear refractive index is
2.7 x 107" m* W=! for wavelengths around 1555 nm. Silicon photonic semiconductors
are an ideal platform for nonlinear because they exhibit some strong nonlinear effects such
as Kerr nonlinearity.
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Fig. 1 Top MRR structure, E electric fields, x coupling coefficient, R radius of the rings. Bottom waveguide
cross sectional for both straight and rings sections, effective waveguide cross section A is 0.92 pm?

Considering a high-Q MRR after applying the nonlinear Kerr effect, there is a possi-
bility to obtain a wide spectral optical comb generation with ultra-low consumption
(Kippenberg et al. 2004; Del’Haye et al. 2007). The chance of generation optical comb is
more promising for silicon or III-V compound semiconductor materials in the structure of
resonators due to benefiting from strong nonlinear Kerr effects. The geometry of the
waveguide plays an important role on the effective area of the nonlinear interaction (Koos
et al. 2008). Such an optical nonlinearity effect can be measured for nonlinear waveguide
through the parameter y as given by Leuthold et al. (2010), Foster et al. (2004)

7= (21/2)(n2/Agy) (4)

From the above expression, we can easily see that the high nonlinear Kerr coefficient n,
and very small cross sectional area A.¢ ensure the maximum value of parameter y. In this
research, the obtained y has been calculated to 1185.23 W lim™L

The used semiconductor layers sequence (from top to bottom) is shown as follows:

SiO; cap (0.71 um) (n, = 1.45)

Si (0.3 pm) (n, = 3.65)

Si etch stop layer (0.05 pm) (n3 = 3.65)
Si (0.3 pm) (n, = 3.65)

SiO, substrate (0.5 um) (n; = 1.45)

The coupling between the rings and the “bus” waveguides and between adjacent rings
is represented by power couplers. These are not proper directional couplers since they have
no optical length. But the effect of a power coupler plus additional waveguide sections
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(25 pum) to create the necessary delays, is virtually the same as a directional-coupler of
finite length. Directional couplers are well designed, characterized, and optimized respect
to their structural parameters in Ahmed et al. (2016a).

4 Theory of the microring resonator system

This system consists of an add-drop filter system with an attached smaller MRR. This
MRR is positioned subsequent to the throughput port and prior to the add port in terms of
the filter system circulation, and is used to filter chaotic signals in order to attain clear
signals from the output ports. The mode-locked laser pulse spectrum, which can be gen-
erated by a loop consisting of two fiber optics reflectors, a semiconductor gain medium
laser, and a SA, is injected into the ring system. The input optical fields into the MRRs
then, are given by Ahmad et al. (2015), Amiri et al. (2015b)

T iz .
E,, =Asech [?0] exp {(E) — lwot:| , (5)
Eau = E 2 gt (6)
add = L0 €Xp 2L, lmo

A (and Ej) and z are introduced as optical amplitudes propagation distance respectively.
T =1t — B, x z is a soliton pulse propagation time, and in which f; and f, are the linear
and second order terms of the Taylor expansion coefficients of the propagation constant
(Amiri and Ali 2014; Alavi et al. 2014a, b). The dispersion length of the soliton pulse is
Lp = T2 /|B,|, while the frequency shift of the soliton represented as wy (Zhang et al. 2014;
Alavi et al. 2016). The initial propagation time, Ty, can be determined once soliton peak
intensity (|8,/I'T4|) is known. For the soliton pulse, a balance should be achieved between
the dispersion length, Lp, and the nonlinear length, Ly, = 1/I'¢y;, such that Lp = Lyy
where I = n, X ko is the length scale over which dispersion or nonlinear effects will widen
or narrow the beam. The total refractive index of the system is given by Amiri et al.
(2013b, 2015¢):

n:n0+n212n0+(n2>P (7)
Aty
where ng and n, are the linear and nonlinear Kerr coefficients respectively (Leblond and
Mihalache 2013), I is the optical intensity, and P is the optical power. The effective
waveguide cross section is given by A4 (Liu et al. 2012). The normalized output can be
expressed as (Amiri and Ali 2013; Amiri et al. 2013a):

? (1- (1 =y

Ewu()|"_ o
={1-7 (1 = xy/T= VT — k) + 4y T=3v/T — K sin? (g)

E,'n (l)

(3)

The coupling coefficient is k, the x = exp(—aL/2) represents a round-trip loss, the 7 is
the fractional coupler intensity loss (Rand and Steiglitz 2012), ¢ = ¢y + ¢, in which

¢o = kLny and ¢, = kan|E,-n\2 are the linear and nonlinear phase shifts, k = 2n/4 is the
wave number, and L and o are waveguide length absorption coefficient respectively
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(Lederer and Aitchison 2013). In reference to Fig. 1, the equations are given by Amiri and
Afroozeh (2014):

E1:\/1fy><[E3><\/17K1+j\/;<—1><E,«,,} 9)

E, =FEgr X E; X e#_jk”%k (10)
E3:\/1—“/>< |:E2>< \/1—K2 +j\/K_2><Eadzl:| (11)
1—- 1—%x)—(1—» ZLr—jknlr
Eem by x (VU= X202y xen (12)
1\/(1 —9) X (1 — k) x exte=/klr

. L
Ey = —x2y2y/K1Eqaae cx — Jjkn =

2
B 2 . 3
k1 \/R2EREin (eTL — jkn %) +23y1y2 /K1 X K2EREata (eTL — jkn %) (13)
+ 2
1 - x2yly2ER (eTL _jkn %)
Ep = —x2y2E 044

2
—oL_ ik 3/2 —ok—jk L
XK1 \/RT X K2 EREine % + )y \ /K2 ER Eada (6 : Jké) (14)

1 — xoy1y2Eg (€F75%) ?

E\, and E,, are the add-drop outputs. Here, Lg = 2nRg where Ry is the radius and Ey is
the electric field within the ring. x; = VI =7, yi =1 -k, o =1—7, o =1 -1,
and L = 2nR,y.

5 Mode-locking by a saturable absorber (SA) using a laser cavity

Employing the nonlinear Kerr effect in a high-Q MRR, has a chance to achieve wideband
optical comb generation with ultra-low power consumption (Kippenberg et al. 2004;
Del’Haye et al. 2007). Moreover, a resonator in silicon or III-V compound semiconductor
might be desired for the optical comb generation due to benefiting from strong nonlinear
Kerr effects. Mode-locking in the proposed system requires an SA, which is located within
the laser cavity along with the laser. This SA is modeled in PICWave as a gain section with
a very short non-radiative recombination time. The active layer of the SA section is made
of InGaAsP, labeled “InGaAsP_SA”, with a length of 40 pm. The schematic of the mode-
locked laser generation system is shown in Fig. 2.

Results were generated using the photonic circuits simulator PICWave made by photon
design (PICWave, Photon Design Inc. http://www.photond.com/products/picwave/
picwave_applications_00.htm), which is centered on the time-domain travelling wave
(TDTW) method and capable of modeling both active and passive photonic circuits.
Molecular beam epitaxial (MBE) growth on patterned substrates is a one-step growth
process which makes possible local variation of composition and quantum well thickness.
This could be used to make quantum wires, and to fabricate integrated structures requiring
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Fiber Optic Reflector Fiber Optic Reflector Fiber Optic Reflector

Mode Lock
Soliton

Semiconductor Saturable Absorber

Gain Medium Laser

Fig. 2 Mode-locked laser generation using a semiconductor gain medium laser connected to an SA.
Reflection coefficient is 30 % and current is 80 mA
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Fig. 3 Waveguide-cross section for the fundamental TE-like mode

different regions having different bandgap wavelengths. Indium gallium arsenide phos-
phide (In;_,GayAs,P;_,) is a quaternary compound semiconductor material, an alloy of
gallium arsenide and indium phosphide. This compound has applications in photonic
devices, due to the ability to tailor its band gap via changes in the alloy mole ratios, x and
y. Indium phosphide-based photonic integrated circuits, or PICs, commonly use alloys of
In;_,Ga,As,P;_, to construct quantum wells, waveguides and other photonic structures,
lattice matched to an InP substrate, enabling single-crystal epitaxial growth onto InP. Many
devices operating in the near-infrared 1.55 pm wavelength window, utilize this alloy, and
are employed as optical components (such as laser transmitters, photodetectors and
modulators) in C-band communications systems (Pearsall 1982; Moerman et al. 1991; Xin
et al. 2009; Sands 2004).

Figure 3 shows the waveguide structure of the InGaAsP_SA constructed device that
was calculated with the fully vectorial finite difference mode (FDM) solver. The utilized
layers sequence from bottom to top, with corresponding layer thickness and refractive
index, was InP substrate (1.5 pm) (n = 3.18), InGaAsP (0.3 um) (n = 3.34), InGaAsP-SA
(0.04 pm) (n = 3.39), InGaAsP (0.3 pm) (n = 3.34), InGaAsP (0.2 um) (n = 3.34), and
InP cap (0.7 um) (n = 3.18). The center wavelength is 1.55 um.

6 Characterization of the saturable absorber (SA)

The mode propagation profile of the SA is shown in Fig. 4.
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Fig. 4 Left single mode propagating within the SA. Right mode profile for the fundamental TE-like mode
calculated with the fully vectorial finite difference mode solver (FDM) solver

In the case of bent dielectric waveguides, the optical mode is a leaky mode, where the
bending loss increases according to a decrease of the bending radius. Therefore, a small
radius MRR has lower intrinsic Q at a defined resonant wavelength. A waveguide has only
a finite number of guided propagation modes, the intensity distributions of which have a
finite extent around the waveguide core. The number of guided modes, their transverse
amplitude profiles and their propagation constants depend on the details of the waveguide
structure and on the optical frequency. Here, the fundamental and purely TE-like modes
propagating within the waveguide obtained and presented as follows.

The used SA has composition of Ing 76Gag 24A80.53Pg 47 With As fraction (y) of 0.53 and
Ga fraction (x) of 0.24. The variation of the refractive index versus the As fraction (y) is
shown in Fig. 5. As shown, different As fraction (y) of the InGaAsP-SA have different
refractive indices. This information obtained from the used software.

The bandgap energy varies with respect to the following equation (Agrawal and Dutta
1986; Adachi 1982),

3.6 T T T T T T T

3.55

w w
w w » w
L3, > (3, 3,

Refractive Index (n)

o
w

3.25

3. 1 1 1 1 1 1 1
%.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
As Fraction (y)

Fig. 5 Refractive index versus the As fraction (y)

@ Springer



Silicon-based microring resonators for multi-solitons generation... Page 9 of 14 415

E, = 1.35 - 0.72y + 0.12)* [eV] (15)

Figure 6a shows the bandgap energy versus the As fraction (y) of the waveguide.
Different As fraction (y) were applied to the Eq. 15 to obtain the bandgap energy. Fig-
ure 6b shows the mode absorption loss versus the As fraction (y). It shows a significant
increase of the mode absorption when the As fraction (y) increases in the InGaAsP-SA.

7 Mode-locked laser characterization

The spectrum of the mode-locked laser is shown in Fig. 7a and the time domain profile of
the peak is presented in Fig. 7b. It can be seen below the output of the laser in the time
domain. The Q-switching can be clearly observed to occur at the beginning of the simu-
lation. After 2 ns, the mode-locked laser reaches a steady state. Close observation of the
steady-state output reveals the expected train of Gaussian-like pulses to have a spacing of
30 ps and an FWHM of 10 ps.
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Fig. 6 a The bandgap energy versus the As fraction (y), b the mode absorption loss versus the As fraction
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Fig. 7 a Mode-locked laser and b picosecond mode-locked laser output
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8 Parameters of the microring resonator system and output analysis

Table 1 shows the ring’s parameters.

The output signal from the throughput port of the ring resonator system is shown in
Fig. 8.

To obtain flat-top spectral passbands and uniform intensity distribution, the photonics
devices such as switches and Filters are desired and utilized for significant reduction of the
inter-channel interference in optical communication networks and on-chip interconnects
applications (Harun et al. 2005; Zulkifli et al. 2010). MRR can be used to generate flat-top
passbands owing steep edges by accurate controlling of its critical parameters such as
radius, coupling coefficient and dimension. Figure 9 shows multiple mode-locked soliton
pulses with FSR of 25 GHz and FWHM of 630 MHz generated from the drop port.
Figure 9b, is a magnified view of the Fig. 9a.

The corresponding FSR and FWHM of the generate pulses shown in Fig. 9b in the
wavelength domain were 0.2 nm and 5 pm respectively, and the train mode-locked pulses
had a pulse duration of 40 ps and repetition rate of 200 GHz. The finesse F =
AfFSR/AfFWHM (Ahmed and Ullah 2011) is ~39.7, the Q-factor, Q :frgf/fFWHM is
~3x10°, and the interaction length, Lz = (Q x 4)/(27n) (Ahmed and Ullah 2011) is
2 c¢cm, where the A = 1.55um, Q = 3x10°, © = 3.14 and n = 3.65.

We have simulated a 25-GHz mode-locked solitons as a potential multi-wavelength
source for WDM applications. The output contains over 182 modes within 4.5 THz fre-
quency range, each having a linewidth of 630 MHz and FSR of 25 GHz which varies
slightly along with the wavelength. For applications such as on-chip, chip—chip, or short
reach WDM, the output directly from this system is likely to be sufficient.

Table 1 Parameters of the MRR system

Parameters
Ry (mm) Ry (nm) i K K no M W Ay (um®)  a(em™” oy
1.9 127 002 01 002 334 27x107'° 092 0.01 0.1

Intensity (dBm/nm)

2z w

1530 1540 1550 1560 1570
Wavelength (nm)

Fig. 8 Throughput port output signals
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Fig. 9 a Drop port output signals, and b signals with 25 GHz FSR and 630 MHz FWHM

When different optical waves interact coherently in a nonlinear medium, the optical
four-wave mixing (FWM) phenomenon occurs. The magnitude of the FWM phenomenon
depends on the channel spacing and waveguide dispersion. The FWM efficiency increases
dramatically with respect to small channel spacing between pulses, where it is inversely
proportional to the waveguide dispersion. At the zero-dispersion point, therefore the FWM
efficiency is maximum. Due to the above explanation and the existence of dispersion in the
used waveguide and also the large channel spacing (spacing in the range of 25 GHz), in
this research, the FWM effect is negligible (Goff 2002; Habib and Ngah 2007).

9 Conclusion

As conclusion, nonlinear light behaviour inside a silicon MRR was exploited in the design
of an add-drop filter intended for including particular WDM channels. The proposed
system, consisting of a silicon add-drop filter ring resonator connected to a smaller ring,
was used to generate multiple mode-locked solitons. These presented MRRs are simulated
using silicon (Si) on a SiO, substrate. An SA was a necessary addition in order to achieve
mode-locked pulses, and semiconductor material was used for this purpose. This apparatus
enabled generation of multi-channels and transmission of optical mode-locked soliton
pulses. The SA was modeled by PICWave software based on the TDTW method.
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Generated Gaussian-like mode-locked pulses had a spacing of 30 ps and FWHM of 10 ps.
The MRR system was able to filter the input pulses and generate a comb of mode-locked
pulses possessing the properties of solitons. These generated multi-mode-locked soliton
pulses had a 25 GHz FSR and 630 MHz FWHM, which corresponded to 0.2 nm and 5 pm
respectively, and are applicable for optical communications devices. Analysis of results
included a calculated soliton pulse Q-factor of approximately 3 x 10°, which was
indicative of the system having a high performance characteristic.
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LRGS(2015)NGOD/UM/KPT, GA010-2014 (ulung) and RU007/2015 from the university of Malaya (UM).

References

Adachi, S.: Material parameters of In; _,GaxAsyP,_, and related binaries. J. Appl. Phys. 5§3(12), 8775-8792
(1982)

Agrawal, G.P., Dutta, N.K.: Long Wavelength Semiconductor Lasers. Springer, Netherlands (1986)

Ahmad, H., Saat, N., Harun, S.: S-band erbium-doped fiber ring laser using a fiber Bragg grating. Laser
Phys. Lett. 2(7), 369-371 (2005)

Ahmad, H., Soltanian, M.R.K., Amiri, I.S., Alavi, S.E., Othman, A.R., Supa’at, A.S.M.: Carriers generated
by mode-locked laser to increase serviceable channels in radio over free space optical systems. IEEE
Photonics J. (2015). doi:10.1109/JPHOT.2015.2484285

Ahmed, R., Ullah, S.M.: Design and analysis on silicon based optical micro-ring resonator sensor device for
biomedical applications at pm wavelength. In: CIOMP-OSA Summer Session: Lasers and their
Applications, p. Tu3. Optical Society of America (2011)

Ahmed, R., Rifat, A.A., Sabouri, A., Al-Qattan, B., Essa, K., Butt, H.: Multimode waveguide based
directional coupler. Opt. Commun. 370, 183-191 (2016a)

Ahmed, R., Rifat, A.A., Yetisen, A.K., Salem, M.S., Yun, S.-H., Butt, H.: Optical microring resonator based
corrosion sensing. RSC Adv. 6(61), 56127-56133 (2016b)

Ahmed, R., Rifat, A.A., Yetisen, A.K., Yun, S.H., Khan, S., Butt, H.: Mode-multiplexed waveguide sensor.
J Electromagn. Waves Appl. 30(4), 444-455 (2016¢)

Alavi, S., Amiri, 1., Ahmad, H., Supa’at, A., Fisal, N.: Generation and transmission of 3 x 3 w-band multi-
input multi-output orthogonal frequency division multiplexing-radio-over-fiber signals using micro-
ring resonators. Appl. Opt. 53(34), 8049-8054 (2014a)

Alavi, S.E., Amiri, I.S., Idrus, S.M., Supa’at, A.S.M.: Generation and wired/wireless transmission of
IEEE802.16m signal using solitons generated by microring resonator. Opt. Quant. Electron. 47(5),
975-984 (2014b)

Alavi, S.E., Amiri, LS., Soltanian, M.R.K., Penny, R., Supa’at, A.S.M., Ahmad, H.: Multiwavelength
generation using an add-drop microring resonator integrated with InGaAsP/InP sampled grating dis-
tributed feedback. Chin. Opt. Lett. 14(2), 021301 (2016)

Almeida, V.R., Barrios, C.A., Panepucci, R.R., Lipson, M.: All-optical control of light on a silicon chip.
Nature 431(7012), 1081-1084 (2004)

Alves, D.C., Abreu, M., Cabral, A., Rebordao, J.: Study of the stabilization of a semiconductor mode-lock
laser using hybrid mode-lock and optical feedback. In: Second International Conference on Appli-
cations of Optics and Photonics, pp. 92863M-92867M. International Society for Optics and Photonics
(2014)

Amiri, LS., Afroozeh, A.: Ring Resonator Systems to Perform the Optical Communication Enhancement
Using Soliton. Springer, New York (2014)

Amiri, I.S., Ahmad, H.: Optical Soliton Communication Using Ultra-Short Pulses. Springer, New York
(2014)

Amiri, I.S., Ali, J.: Data signal processing via a manchester coding—decoding method using chaotic signals
generated by a PANDA ring resonator. Chinese Optics Letters 11(4), 041901-041904 (2013)

Amiri, LS., Ali, J.: Optical quantum generation and transmission of 57-61 GHz frequency band using an
optical fiber optics. Journal of Computational and Theoretical Nanoscience (JCTN) 11(10), 2130-2135
(2014). doi:10.1166/jctn.2014.3617

Amiri, LS., Alavi S.E., Ahmad, H., Supa’at A.S.M., Fisal, N.: Numerical computation of solitonic pulse
generation for terabit/sec data transmission. Opt. Quantum Electron. (2014)

@ Springer


http://dx.doi.org/10.1109/JPHOT.2015.2484285
http://dx.doi.org/10.1166/jctn.2014.3617

Silicon-based microring resonators for multi-solitons generation... Page 13 of 14 415

Amiri, LS., Nikoukar, A., Ali, J.: GHz Frequency Band Soliton Generation Using Integrated Ring Resonator
for WiMAX Optical Communication. Opt. Quant. Electron. 46(9), 1165-1177 (2013a). doi:10.1007/
$11082-013-9848-0

Amiri, 1.S., Alavi, S.E., Idrus, S.M., Nikoukar, A., Ali, J.: IEEE 802.15.3c WPAN standard using millimeter
optical soliton pulse generated by a panda ring resonator. IEEE Photonics J. 5(5), 7901912 (2013b).
doi:10.1109/JPHOT.2013.2280341

Amiri, L., Alavi, S., Fisal, N., Supa’at, A.S.M., Ahmad, H.: All-optical generation of two IEEE802. 11n
signals for 2 2 MIMO-RoF via MRR system. IEEE Photonics J. 6(6), 1-11 (2014a)

Amiri, 1.S., Alavi, S.E., Idrus, S.M., Afroozeh, A., Ali, J.: Soliton Generation by Ring Resonator for Optical
Communication Application. Novascience, New York (2014b)

Amiri, LS., Alavi, S.E., Fisal, N., Supa’at, A.S.M., Ahmad, H.: All-optical generation of two IEEE802.11n
signals for 2 x 2 MIMO-RoF via MRR system. IEEE Photonics J. (2014c). doi:10.1109/JPHOT.2014.
2363437

Amiri LS., Soltanian, M.R.K., Alavi S.E., Ahmad, H.: Multi wavelength mode-lock soliton generation using
fiber laser loop coupled to an add-drop ring resonator. Opt. Quantum Electron. 47, 2455-2464 (2015a)

Amiri, LS., Alavi, S.E., Soltanian, M.R.K., Ahmad, H., Fisal, N., Supa’at, A.S.M.: Experimental mea-
surement of fiber-wireless (Fi-Wi) transmission via multi mode locked solitons from a ring laser EDF
cavity. IEEE Photon. J. 7(2), 7100709 (2015b)

Amiri, LS., Alavi, S.E., Ahmad, H.: Analytical treatment of the ring resonator passive systems and band-
width characterization using directional coupling coefficients. J. Comput. Theor. Nanosci. (JCTN)
12(3), 418-424 (2015¢)

Amiri, I.S., Alavi, S.E., Soltanian, M.R.K., Fisal, N., Supa’at, A.S.M., Ahmad, H.: Increment of access
points in integrated system of wavelength division multiplexed passive optical network radio over
fiber. Sci. Rep. (2015d). doi:10.1038/srep11897

Chao, C.-Y., Guo, L.J.: Design and optimization of microring resonators in biochemical sensing applica-
tions. J. Lightwave Technol. 24(3), 1395-1402 (2006)

Chen, H.-R., Tsai, C.-Y., Cheng, H.-M., Lin, K.-H., Hsieh, W.-F.: Passive mode locking of ytterbium- and
erbium-doped all-fiber lasers using graphene oxide saturable absorbers. Opt. Express 22(11),
12880-12889 (2014)

Ciminelli, C., Dell’Olio, F., Conteduca, D., Campanella, C., Armenise, M.: High performance SOI
microring resonator for biochemical sensing. Opt. Laser Technol. 59, 60-67 (2014)

Del’Haye, P., Schliesser, A., Arcizet, O., Wilken, T., Holzwarth, R., Kippenberg, T.: Optical frequency
comb generation from a monolithic microresonator. Nature 450(7173), 1214-1217 (2007)

Ducasse, A., Rulliére, C., Couillaud, B.: Of ultrashort laser pulses: mode-locking. Femtosecond Laser Pulses
Princ. Exp. 53, 57-87 (2013)

Feng, S., Lei, T., Chen, H., Cai, H., Luo, X., Poon, A.W.: Silicon photonics: from a microresonator
perspective. Laser Photonics Rev. 6(2), 145-177 (2012)

Fermann, M.E.: Mode-Locked Multi-Mode Fiber Laser Pulse Source. US Patent 20,160,006,208. Granting,
USA (2016)

Foster, M., Moll, K., Gaeta, A.: Optimal waveguide dimensions for nonlinear interactions. Opt. Express
12(13), 2880-2887 (2004)

Goff, D.: Fiber Optic Reference Guide. CRC Press, Boca Raton (2002)

Gundogdu, T., Gokkavas, M., Giiven, K., Kafesaki, M., Soukoulis, C., Ozbay, E.: Simulation and micro-
fabrication of optically switchable split ring resonators. Photonics Nanostruct. Fundam. Appl. 5(2),
106-112 (2007)

Habib, H., Ngah, D.R.B.: Four wave mixing non-linearity effect in wave length division multiplexing radio
over fiber system. AL-Qadisiya J. Eng. Sci. 6(2), 204-231 (2007)

Harun, S.W., Saat, N.K., Ahmad, H.: An efficient S-band erbium-doped fiber amplifier using double-pass
configuration. IEICE Electron. Express 2(6), 182-185 (2005)

Harun, S., Abd Rahman, F., Dimyati, K., Ahmad, H.: An efficient gain-flattened C-band erbium-doped fiber
amplifier. Laser Phys. Lett. 3(11), 536-538 (2006)

Jalas, D., Petrov, A.Y., Eich, M.: Theory of gyrotropic ring resonators with counterpropagating modes
coupling. Photonics Nanostruct. Fundam. Appl. 9(4), 351-357 (2011)

Kippenberg, T., Spillane, S., Vahala, K.: Kerr-nonlinearity optical parametric oscillation in an ultrahigh-Q
toroid microcavity. Phys. Rev. Lett. 93(8), 083904 (2004)

Koos, C., Vorreau, P., Dumon, P., Baets, R., Esembeson, B., Biaggio, I., Michinobu, T., Diederich, F.,
Freude, W., Leuthold, J.: Highly-nonlinear silicon photonic slot waveguide. In: National Fiber Optic
Engineers Conference, p. PDP25. Optical Society of America (2008)

Leblond, H., Mihalache, D.: Linear and nonlinear waveguiding of few-cycle optical solitons in a planar
geometry. Phys. Rev. A 88(2), 023840 (2013)

@ Springer


http://dx.doi.org/10.1007/s11082-013-9848-0
http://dx.doi.org/10.1007/s11082-013-9848-0
http://dx.doi.org/10.1109/JPHOT.2013.2280341
http://dx.doi.org/10.1109/JPHOT.2014.2363437
http://dx.doi.org/10.1109/JPHOT.2014.2363437
http://dx.doi.org/10.1038/srep11897

415 Page 14 of 14 I. S. Amiri et al.

Lederer, F., Aitchison, J.: In nonlinear waveguide arrays. In: Optical Solitons: Theoretical Challenges and
Industrial Perspectives: Les Houches Workshop, September 28—October 2, p. 349. Springer, New York
(2013)

Leuthold, J., Koos, C., Freude, W.: Nonlinear silicon photonics. Nat. Photonics 4(8), 535-544 (2010)

Li, S., Gong, Q., Cao, C., Wang, X., Yan, J., Wang, Y., Wang, H.: A review of external cavity-coupled
quantum dot lasers. Opt. Quant. Electron. 46(5), 623-640 (2014)

Lin, S., Crozier, K.B.: Planar silicon microrings as wavelength-multiplexed optical traps for storing and
sensing particles. Lab Chip 11(23), 4047-4051 (2011)

Liu, W.-J., Tian, B., Zhen, H.-L., Jiang, Y.: Analytic study on solitons in gas-filled hollow-core photonic
crystal fibers. Europhys. Lett. (EPL) 100(6), 64003 (2012)

Malka, D., Cohen, M., Turkiewicz, J., Zalevsky, Z.: Optical micro-multi-racetrack resonator filter based on
SOI waveguides. Photonics Nanostruct. Fundam. Appl. 16, 16-23 (2015)

Moerman, 1., Coudenys, G., Demeester, P., Turner, B., Crawley, J.: Influence of gas mixing on the lateral
uniformity in horizontal MOVPE reactors. J. Cryst. Growth 107(1), 175-180 (1991)

Pearsall, T.P.: GalnAsP Alloy Semiconductors. Wiley, Hoboken (1982)

PICWave, Photon Design Inc. http://www.photond.com/products/picwave/picwave_applications_00.htm

Rand, D., Steiglitz, K.: Computing with Solitons. In: Meyers, R.A. (ed.), pp. 646—-665. Springer, New York
(2012)

Runser, R.J., Zhou, D., Coldwell, C., Wang, B.C., Toliver, P., Deng, K.-L., Glesk, I., Prucnal, P.R.:
Interferometric ultrafast SOA-based optical switches: from devices to applications. Opt. Quantum
Electron. 33(7-10), 841-874 (2001)

Sands, D.: Diode Lasers. CRC Press, Boca Raton (2004)

Seo, S.-W., Bergman, K., Prucnal, P.R.: Transparent optical networks with time-division multiplexing. IEEE
J. Sel. Areas Commun. 14(5), 1039-1051 (1996)

Soltanian, M., Amiri, L.S., Alavi, S.E., Ahmad, H.: All optical ultra-wideband signal generation and
transmission using mode-locked laser incorporated with add-drop microring resonator (MRR). Laser
Phys. Lett. 12, 065105 (2015)

Spyropoulou, M., Pleros, N., Miliou, A.: SOA-MZI-based nonlinear optical signal processing: a frequency
domain transfer function for wavelength conversion, clock recovery, and packet envelope detection.
IEEE J. Quantum Electron. 47(1), 40-49 (2011)

Sun, Y., Fan, X.: Optical ring resonators for biochemical and chemical sensing. Anal. Bioanal. Chem.
399(1), 205-211 (2011)

Tsatourian, V., Sergeyev, S.V., Mou, C., Rozhin, A., Mikhailov, V., Rabin, B., Westbrook, P.S., Turitsyn,
S.K.: Polarisation dynamics of vector soliton molecules in mode locked fibre laser. Sci. Rep. 3 (2013).
doi:10.1038/srep03154

Xin, H., Huang, Y., Chen, H., Huang, H., Ren, X., Zhou, X.: Design and fabrication of InP micro-ring
resonant detectors. Optoelectron. Lett. 5, 6-10 (2009)

Yu, S.: Dynamic behavior of vertical-cavity surface-emitting lasers. IEEE J. Quantum Electron. 32(7),
1168-1179 (1996)

Yu, S., Lo, C.: Influence of transverse modes on the dynamic response of vertical cavity surface emitting
lasers. In: IEE Proceedings in Optoelectronics, vol. 3, pp. 189-194. IET (1996)

Zhang, L., Lin, Q., Agarwal, A., Kimerling, L., Michel, J.: Enhanced self-frequency shift of cavity soliton in
mode-locked octave-spanning frequency comb generation. In: CLEO: Science and Innovations 2014,
p. SF2E. 2. Optical Society of America

Zhang, L., Yu, S., Nowell, M., Marcenac, D., Carroll, J., Plumb, R.: Dynamic analysis of radiation and side-
mode suppression in a second-order DFB laser using time-domain large-signal traveling wave model.
IEEE J. Quantum Electron. 30(6), 1389—-1395 (1994)

Zulkifli, M., Hassan, N., Awang, N., Ghani, Z., Harun, S., Ahmad, H.: Multi-wavelength fiber laser in the
S-band region using a Sagnac loop mirror as a comb generator in an SOA gain medium. Laser Phys.
Lett. 7(9), 673-676 (2010)

@ Springer


http://www.photond.com/products/picwave/picwave_applications_00.htm
http://dx.doi.org/10.1038/srep03154

	Silicon-based microring resonators for multi-solitons generation for THz communication
	Abstract
	Introduction
	Time-domain travelling-wave model
	Proposed microring resonator system
	Theory of the microring resonator system
	Mode-locking by a saturable absorber (SA) using a laser cavity
	Characterization of the saturable absorber (SA)
	Mode-locked laser characterization
	Parameters of the microring resonator system and output analysis
	Conclusion
	Acknowledgments
	References




