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Abstract. We propose a novel system of broadband source generation
using a common soliton pulse �i.e., with center wavelength at 1.55 �m�
propagating within a nonlinear micro-ring resonator system. The system
consists of a micro-ring resonator system incorporating an add/drop fil-
ter, whereby the large-bandwidth signals can be generated, stored, and
regenerated within the system. By using the appropriate parameters re-
lating to the practical device such as micro-ring radii, coupling coeffi-
cients, and linear and nonlinear refractive index, we found that the ob-
tained multisoliton pulses have shown the potential of application for
dense wavelength-division multiplexing �DWDM�, whereby the different
center wavelengths of the soliton bands can be obtained via the add/
drop filter, which can be used to increase the communication channel
capacity in the communication network. The best free spectra range
�FSR� and FWHM of the results obtained are 14 nm and 100 pm, re-
spectively, which allows an increase in channel capacity of at least 10
times in only one center wavelength. © 2009 Society of Photo-Optical Instrumen-
tation Engineers. �DOI: 10.1117/1.3159874�

Subject terms: soliton communication; tunable light source; storage light source;
super dense wavelength division multiplexing �SDWDM�.
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Introduction

he demand for communication channels and network ca-
acity is increased significantly every year, and, up to now,
he large user demand remains. Therefore, the search for
ew techniques is needed, and is focused on the increase in
ommunication channel and network capacity. Recently, an
nteresting result of a technique that can be used to fulfill
he large demand of channel capacity has been reported.1

hus report has shown that the signal bandwidth can be
tretched �i.e., enlarged� and compressed by using a soliton
ulse propagating within a nonlinear micro-ring system.2–4

y using such a scheme, an increase in communication
hannels is plausible. Furthermore, large soliton output
ower is obtained, which is available for long-distance
ommunication links. However, several problems must be
esolved, for instance, the problem of soliton–soliton inter-
ction and collision,5 and a waveguide structure to which
he broadband soliton can be confined.6 For further reading
bout soliton-behaviors and applications, many of the
oliton-related concepts in fiber optics are described by
grawal.7 In this work, we propose a novel technique that

an be used to generate new soliton communication bands
wavelength bands�, whereby the common soliton pulse,
.e., a soliton source at the center wavelength of 1.55 �m,
s the initial input signal. After the soliton pulse is input
nto the system, the soliton bands at the required center
avelengths can be stored and filtered by using an add/drop
lter.8 In application, the use of super dense wavelength
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division multiplexing �SDWDM�, with a long-distance link
is available. Moreover, the concept of a personal channel
and network may be plausible due to the very large avail-
able bandwidths. However, the problem of the soliton in-
teraction and collision must be resolved, which can be
avoided by the specific free spectral range �FSR� design.

2 Operating Principles
Initially, the optimum energy is coupled into the waveguide
by a larger effective core area device, i.e., ring resonator, as
shown in Fig. 1. Then the smaller devices are connected to
form the storage unit. The ring parameters, i.e., ring radii,
R1, R2, and R3, are chosen relative to the practical problem,
where the continuous reduction of ring radius of the ring
devices is required to keep the small coupling losses due to
the different core effective areas, for instance, from
15 �m to 10 �m and 5 �m. The smallest fabricated ring
radius so far9 is 4 �m. Furthermore, the coupling coeffi-
cients are also important parameters, where the required
output power, free spectral range, and spectral width are the
key point of the design. The technique that can be used to
control and store the dominant output mode is reported in
Ref. 8.The filtering characteristic of the optical signal is
presented within a ring resonator and an add/drop filter,
where the suitable parameters can be controlled to obtain
the required output spectra. To maintain the soliton pulse
propagating within the ring resonator, a suitable coupling
power into the device is required, whereby the interference
signal is a minor effect compared to the loss associated to
the direct passing through. A soliton pulse is introduced
July 2009/Vol. 48�7�1
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nto the multistage micro-ring resonators, and the input op-
ical field �Ein� of the soliton input is given by.8

in�t� = A sec h� T

T0
�exp�� z

2LD
� − i�0t� , �1�

here A and z are the optical field amplitude and propaga-
ion distance, respectively. T is the soliton pulse propaga-
ion time in a frame moving at the group velocity,
= t−�

1
*z, where �1 and �2 are the coefficients of the linear

nd second-order terms of Taylor expansion of the propa-
ation constant. LD=T0

2 / ��2� is the dispersion length of the
oliton pulse. To in the equation is the soliton pulse propa-
ation time at initial input, where t is the soliton phase shift
ime, and the frequency shift of the soliton is �0. This so-
ution describes a pulse that keeps its temporal width in-
ariance as it propagates, and thus is called a temporal
oliton. When a soliton peak intensity ���2 /�T0

2 � � is given,
hen To is known. For the soliton pulse in the micro-ring
evice, a balance should be achieved between the disper-
ion length �LD� and the nonlinear length �LNL= �1 / ��NL�,
here �=n

2
*k0 is the length scale over which dispersive or

onlinear effects make the beam wider or narrower. For a
oliton pulse, there is a balance between dispersion and
onlinear lengths; hence, LD=LNL.

When light propagates within the nonlinear material
medium�, the refractive index �n� of light within the me-
ium is given by

= n0 + n2I = n0 + � n2

Aef f
�P , �2�

here n0 and n2 are the linear and nonlinear refractive in-
exes, respectively. I and P are the optical intensity and
ptical power, respectively. The effective mode core area of
he device is given by Aef f. For the micro-ring and nano-
ing resonators, the effective mode core areas range from
.50 to 0.1 �m2 �Ref. 9�, where it was found that a fast
ight pulse can be slowed down experimentally after input
nto the nano-ring.

A soliton pulse is input and propagated within a micro-
ing resonator, as shown in Figs 1�a� and 1�b�, which con-
ist of a series micro-ring resonators. The resonant output is
ormed; thus, the normalized output of the light field is the
atio between the output and input fields �Eout�t� and Ein�t�	
n each round-trip, which can be expressed as5

Eout�t�
Ein�t�


2

= �1 − ���1 −
�1 − �1 − ��x2	�

� �1 − x
1 − �
1 − ��2

+ 4x
1 − �
1 − � sin2��

2
� �� . �3�

The closed form of Eq. �3� indicates that the ring reso-
ator in this particular case is very similar to a Fabry-Pérot
avity, which has an input and output mirror with a field
eflectivity, �1−��, and a fully reflecting mirror. � is the
oupling coefficient, and x=exp�−�L /2� represents a
ptical Engineering 075001-
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round-trip loss coefficient, �0=kLn0 and �NL=kLn2�Ein�2
are the linear and nonlinear phase shifts, and k=2	 /
 is the
wave propagation number in a vacuum. L and � are the
waveguide length and linear absorption coefficient, respec-
tively. In this work, the iterative method is introduced to
obtain the results as shown in Eq. �3�, similarly, when the
output field is connected and input into the other ring reso-
nators.

After the signals are multiplexed with the generated cha-
otic noise, then chaotic cancellation is required by the in-
dividual user. To retrieve the signals from the chaotic noise,
we propose to use an add/drop device with the appropriate
parameters. This is given in detail as follows. The optical
circuits of ring resonator add/drop filters for the throughput
and drop port can be given by Eqs. �4� and �5�,
respectively.10


 Et

Ein

2

=

��1 − �1� − 2
1 − �1 · 
1 − �2 exp�−
�
2 L�cos�knL�

+ �1 − �2�exp�− �L�
�

� 1 + �1 − �1��1 − �2�exp�− �L�

− 2
1 − �1 · 
1 − �2 exp�−
�
2 L�cos�knL� �

,

�4�


 Ed

Ein

2

=

�1�2 exp�−
�

2
L�

� 1 + �1 − �1��1 − �2�exp�− �L�

− 2
1 − �1 · 
1 − �2 exp�−
�

2
L�cos�knL� �

, �5�

where Et and Ed represent the optical fields of the through-
put and drop ports, respectively. �=knef f is the propagation
constant, nef f is the effective refractive index of the wave-
guide, and the circumference of the ring is L=2	R, where
R is the radius of the ring. In the following, new parameters
will be used for simplification: �=�L is the phase constant.
The chaotic noise cancellation can be managed by using the
specific parameters of the add/drop device, and the required
signals can be retrieved by the specific users. �61 and �62
are coupling coefficients of the add/drop filters, kn=2	 /
 is
the wave propagation number for in a vacuum, and the
waveguide �ring resonator� loss is �=0.5 dBmm−1. The
fractional coupler intensity loss is �=0.1. In the case of the
add/drop device, the nonlinear refractive index is neglected.

3 Results and Discussion
In operation, the large bandwidth signal within the micro-
ring device can be generated by using a common soliton
pulse input into the nonlinear micro-ring resonator. This
means that the broad spectrum of light can be generated
after the soliton pulse is input into the ring resonator sys-
July 2009/Vol. 48�7�2
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em. The schematic diagram of the proposed system is as
hown in Fig. 1. A soliton pulse with 50-ns pulse width and
eak power at 2 W is input into the system. The suitable
ing parameters are used, for instance, ring radii R1
15.0 �m, R2=10.0 �m, R3=Rs=5.0 �m, and R5=Rd
20.0 �m. In order to make the system associate with the
ractical device,9 the selected parameters of the system are
xed to 
0=1.55 mm, n0=3.34 �InGaAsP / InP�, Aef f =0.50,
.25 �m2 and 0.10 �m2 for the micro-ring and nano-ring
esonator, respectively, �=0.5 dBmm−1, and �=0.1. The
oupling coefficient �kappa, �� of the micro-ring resonator
anged from 0.1 to 0.95. The nonlinear refractive index is
2=2.2�10−13 m2 /W. In this case, the waveguide loss
sed is 0.5 dBmm−1. The input soliton pulse is chopped
sliced� into the smaller signals spreading over the spec-
rum �i.e., broad wavelength�, as shown in Fig. 2�b�, which
hows that the large bandwidth signal is generated within
he first ring device.

In simulation, the coupling coefficients are given as
hown in the figures. The coupling loss is included due to
he different core effective areas between micro-ring and
ano-ring devices, which are given by 0.1 dB. The obtained
esults have shown that a large bandwidth of the optical
ignals with the specific wavelength can be generated
ithin the micro-ring resonator system. The amplified sig-
als with broad spectrum can be generated, stored, and re-
enerated within the nano-waveguide, which is confirmed
y Ref. 8. The maximum stored power of 10 W is obtained,
s shown in Fig. 2�e�, where the average regenerated opti-
al output power of 4 W is achieved via the drop port of an
dd/drop filter, as shown in Figs. 2�h�–2�k�, which is a
road spectra of light covering the large bandwidth, as
hown in Fig. 2�g�. However, to make the system realistic,
he waveguide and connection losses must be addressed in
he practical device, which may be affected by the signal
mplification. In applications, the increase in communica-
ion channel and network capacity can be formed by using
he different soliton bands �center wavelength�, as shown in

ig. 1 A broadband source generation system; �a� a storage unit;
b� a soliton band selector, where Rs are ring radii, �s are coupling
oefficients, �41, �42 are coupling losses, and �61 and �62 are the
dd/drop coupling coefficients.
ptical Engineering 075001-
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Fig. 2, where 2�h� 0.51 �m, 2�i� 0.98 �m, 2�j� 1.48 �m,
and 2�k� 2.46 �m are the generated center wavelengths of
the soliton bands. The selected wavelength center can be
created by using the designed add/drop filter, whereby the
required full width at half maximum �FWHM� and free
spectral range �FSR� are obtained. In operation, the channel
spacing and bandwidth are represented by FSR and
FWHM, respectively—for instance, the FSR and FWHM
of 2.3 nm and 100 pm are obtained, as shown in Fig. 2�i�.

To verify the design system, we present one of the re-
sults that have been investigated in the laboratory. In fact,
the same reason of pumped soliton and Gaussian soliton
generation as the intense input light is required in the op-
erating system, where there are two methods that can be
used to perform the experiment: �1� using a high-power
light source, and �2� reducing the media length, i.e., ring
radius. An experimental setup of the multisoliton genera-
tion is shown in Fig. 3. The system consists of an erbium-
doped fiber amplifier �EDFA�, a semiconductor optical am-
plifier �SOA�, a fiber ring resonator, and a 90:10 output
coupler. The EDFA was constructed by using a 5-m length
of erbium-doped fiber �EDF�, with erbium concentration of
950 ppm. The EDF is pumped by a 980-nm laser diode
�LD� at a pumped power of 66.0 mW. A wavelength divi-
sion multiplexer �WDM� is used to combine the pump and
laser wavelength. An SOA is incorporated in the ring cavity
to amplify the signal from the EDFA. A ring resonator was
constructed by using a 3-dB coupler. A polarization con-
troller �PC� and 3-m length of polarization maintaining fi-
ber �PMF� are included within the system. The principle of
the ring resonator is related to the interferometer configu-
ration, in which there are four port optical couplers with
two inputs and two outputs with 50:50 splitting ratio. The
light beam is split into two beams, of which one propagates
a round the fiber ring, whereas the other propagates through
the straight fiber. One of the beam polarization states is
adjusted by using a PC within the fiber ring, and this pro-
duces a slicing effect, whereby the intensity is dependent
on the interference of the two beams at the PMF. The
change in fiber birefringence affects the change in fiber
refractive index. The multisoliton band can be generated by
adjusting the fiber ring radius and the birefringence,
whereby the modulation signals, i.e., multisoliton pulses,
can be observed over the base band signals, as shown in
Fig. 4. A 90:10 output coupler is used to tap the output of
the ring cavity laser. The output signal is characterized us-
ing an ANRITSU optical spectrum analyzer �OSA� with
resolution of 50 pm. Figure 4�a� shows the lasing of the
hybrid configuration in a ring cavity. The multisoliton
pulses have seven channels with 16-nm bandwidth and
with constant channel spacing. The maximum output power
is 5.20 dBm. The fluctuations of the channels are less than
3 dB except for the third channel. The four-wave mixing
also contributes to this fluctuation. The tunable output is
obtained by coupling the coefficient variation, as shown in
Fig. 4�b�.

4 Conclusion
We have proposed very interesting results where multisoli-
ton bands can be generated by using a common soliton
wavelength propagating within a nonlinear waveguide sys-
tem. The device parameters have been designed closely to
July 2009/Vol. 48�7�3
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he practical values, which can be fabricated within a single
ystem. In applications, the large bandwidth of the soliton
ands can provide for large user demand-in the future;
owever, in practice, the problem of soliton collision within
he device must be resolved, which is well analyzed by Ref.
. The parameters that can be used to control the required
ree spectral range and spectral width �i.e., bandwidth� are
he main parameters, where the soliton cross talk and col-
ision are managed. In practice, the drop port output can be
ontrolled by the ring radius and coupling coefficient of the
dd/drop filter. Therefore, by using the same level of input
ower into the add/drop filter, the power of the drop port

Fig. 2 A soliton band with center wavelength at
ring R3, �e� storage ring, �Rs�, �f� ring R5, and �
1.99 �m; �a� input soliton, �b� ring R1, �c� ring R2, �d�
g�, �h�, �i�, �j�, and �k� drop port signals.
ptical Engineering 075001-
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Fig. 3 The experimental setup; EDFA—erbium-doped fiber ampli-
fier; SOA—semiconductor optical amplifier; PC—polarization con-
troller; PMF—polarization maintaining fiber.
July 2009/Vol. 48�7�4
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an be kept constant. The best results of FSR and FWHM
btained are 14 nm and 100 pm, respectively, which allows
n increase in channel capacity of at least 10 times in only
ne center wavelength. This means that the idea of a per-
onal wavelength �network� is realistic for large user de-
and due to unlimited wavelength discrepancy, whereby a

pecific soliton band can be generated using the proposed
ystem. Apart from communication applications, poten-
ially of broad soliton bands such as visible soliton �color
oliton�, UV-soliton, x-ray soliton, and infrared soliton can
e generated and used for applications such as multicolor
olography, medical tools, security imaging, and transpar-
nt holography and detection.
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