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ABSTRACT
This article describes the non-linear phenomenon SPM (Self Phase Modulation) located in all-optical communication systems.
WDM systems are commercially available and providers use it without simulation. Also some experimental setups are available and
simulation is not necessary because it offers real tests. The most important WDM components are AWG (Arrayed Waveguide
Grating) multiplexer and demultiplexer where the multiplexing and demultiplexing of the optical signals happens. 10 Gbit/s optical
line of the DWDM (Dense Wavelength Division Multiplex) system in accordance with ITU-G.694.1 was created and the SPM

phenomenon is observed at it.
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1. INTRODUCTION

A very important aspect of fiber optical
communication networks is that a single fiber can
simultaneously transmit multiple signals of different
wavelengths, which represent individual channels. In
general, the most commonly used wavelengths are 1300-
1600 nm, which have the property of the smallest
attenuation.

The technology that is used to merge multiple signals
into a single optical fiber based on the wavelength is
called Wavelength Division Multiplex (WDM
Wavelength Division Multiplex) [1], [2], [3] and [4].
Conceptually, the WDM is based on Frequency Division
Multiplexing FDM (Frequency Division Multiplex) used
in the radio, or satellite technology. As with the FDM,
each channel in the WDM must be determined by the
wavelength, respectively a frequency separated from each
other carefully, to avoid inter-channel interference [5].
These frequency bands between the channels are called
borderlines. The WDM concept dates back to the year
1970. However, the research and development of this
technology began only in 1977. In 1978, the WDM system
was first implemented in the laboratory. This system could
multiplex two signals. Today's modern WDM systems
allow to multiplex up to 160 signals and expand 10 Gbit/s
optical system to the theoretical capacity of 1.6 Tbit/s. The
Fig. 1 illustrates the principle of the WDM system.
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Fig. 1 The principle of the WDM system

The WDM system consists of a transmitting, optical
and receiving part. The transmitting part is formed by the
wave multiplexer, whose task is to combine optical signals
from different sources to a single optical carrier. Another
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component is an optical amplifier which amplifies the
optical signal for transmission over the optical fiber. The
signal transmission is done directly in the optical fiber. On
the receiving end is a demultiplexer that performs the
inverse function of the multiplexer. Its mission is to
spread the optical signal into the original sub-signals in
optical form.

2. OPTICAL KERR EFFECT AND SPM

The basic equation defining the refractive index of the
fiber core can be expressed by the following formula

P
n=n0+n2'_,
Aef

(1
where n, is the refractive index of the fiber core at a low
power, n; is the nonlinear refractive index coefficient, P is
the optical power in Watts and Ae, is the effective area of
the fiber core given in square meters [5], [6]. On the basis
of the following equation, it can be said that the refractive
index of the optical fiber depends on the by level
transmitted optical power which is proportional the
transmitted light intensity of the fiber [5], [7]. The Fig. 2
shows that this variation is linear. For example refraction
index 1.47003 is optical power equal to 60 mW.

Refractive index

Optical power (mW)

Fig. 2 The dependence of the refractive index of the optical
fiber by level of the transmitted optical power

Depending on the shape of the input signal, the Kerr

effect can be presented in different forms: SPM, FWM
(Four-Wave Mixing) and XPM (Cross Phase Modulation).
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SPM refers to the phenomena when ultra-short light
pulse guided by the transmission media results due to the
Kerr effect into the change of the index of refraction of the
transmission medium (optical fiber). The index of
refraction causes a phase shift of the transmitted pulse.
Therefore, the SPM is a very important phenomenon in
optical communication systems using short pulses of light
with high intensity radiation [8], [9] and [10]. The SPM
phenomenon is particularly important in systems with
high optical power.

For ultra-short light pulses with the Gaussian
probability distribution and constant phase can be the
intensity / and time ¢ expressed by the following formula

-t
I(t) =1, exp (7), ()
where [, is the value of maximum intensity and 7
expresses half of the pulse duration.

When the pulse transits the medium, the optical Kerr
effect causes a change in the refractive index that depends
on the signal intensity /
n(l) = ny + ny(I). 3)

In the formula (3), n is the linear refractive index and
n, is the nonlinear refractive index of the medium, which
depends on the radiation intensity [11]. The refractive
index of the core of the optical fiber is dependent on the
intensity of the light emitted in the fiber.

When the light pulse passes the actual point
transmission line, the impulse causes a certain intensity
which afterwards drops to zero. This causes the refractive
index of the medium, which is not constant along the
transmission path. The index of refraction causes a shift in
phase of the light pulse. The time-dependent phase of the
pulse could be disclosed by the following formula

21
@(t) = wo(t) — TonOL’ 4)
where w, is the frequency of the carrier, 4) is the

wavelength of the pulse, n is the refractive index and L is
the distance that the pulse has travelled. It can be therefore
said that the layer is dependent on the intensity of the light
pulse. This dependence leads to a change in the pulse
spectrum [10], [11]. The Fig. 3 illustrates the change in
frequency due to SPM.
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Fig. 3 The change in the frequency due to SPM [10]
From the graph it can be seen that in the middle of the

pulse frequency is almost linear nature. The refractive
index of the start-up pulse is increasing, leading to a
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decrease in the pulse rate. During pulse deceleration, the
signal frequency increases due to a refractive index
reducing [10]. These frequency changes are called
frequency chirping. The frequency chirping extends the
transmission of light pulses, thereby overlapping the pulse
output. This phenomenon is known as dispersion. For
systems with the transmission speed of 10 Gbit/s and
more, but also for systems operating at a lower bit rate, the
SPM can significantly increase the effect of chromatic
dispersion.

When the SPM phenomenon and the effect of
chromatic dispersion are approximately equivalent, but the
chromatic dispersion in comparison with the SPM
dominates, the SPM can reduce the effect of light pulses
overlapping due to a chromatic dispersion [5], [7] and
[11]. If the effects of chromatic dispersion and the SPM
are equivalent, the pulses appear to be stable, so there is
no overlap. Where the effect of chromatic dispersion is
negligible, SPM causes the pulse amplitude modulation.

3. ARRAYED WAVEGUIDE GRATINGS (AWG
MUX/DEMUX)

The key components of WDM systems are multiplexer
and demultiplexer. The role of the multiplexer is to
combine the wavelength of the optical signals from
several sources (users) to one common transmission
channel, which is an optical fiber [12]. The demultiplexer
performs the inverse function of the multiplexer. Its role is
to separate the signals of different wavelengths, which are
intended for a particular recipient from the merger of the
signal. For multiplexing in WDM systems, multiplexers /
demultiplexers, which are referred as AWG (Arrayed
Waveguide Gratings) could be used [12], [13]. These
devices are characterized by low losses, high stability,
relatively low cost and easy to implement in an integrated
optical substrate.

3.1. AWG principle

The existing AWG multiplexers and demultiplexers
are theoretically based on the diffraction and imaging
principles. The AWG multiplexer is generally based on
the MZI (Mach-Zehnder Interferometer) [13], [14]. The
MZI is a device in which two copies of a single signal are
phase-shifted by a certain stage and then merging
together. Unlike the MZI, in the AWG are merged various
phase copies of that signal. The AWG principally consists
of four parts: array waveguides, input and output
waveguides and FPR (Free Propagation Region) [13]. The
Fig.4 shows the AWG configuration.
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Fig. 4 The AWG configuration
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The number of input and output waveguides of AWG
is n. The m denotes the number of array waveguides
which connect couplers at the input and output. Both
couplers have then dimension nm. The difference in
length between successive waveguides is constant and
referred as AL. The first coupler splits the input optical
signal into m parts.

The distance between the input iand the array
waveguides kis d”; . Similarly, d”; represents the
distance between the array waveguides and output j. Then
the relative phase of the signal ¢ transmitted from input i
to output j is defined by the following formula
(%)

biji = 27"(711 M+ kAL + nydp¥t),
fork=1,2,.....m.

In this relationship, n; is the refractive index areas of
the input and output coupler, 1, is the refractive index area
of array waveguides and AL is the difference in length
between successive specific waveguides [12], [15]. The
input and output coupler can be designed as:

ih = di" + k6] (6)

Aot = do + ks, ©)

0" and 6™ represent the distance from the input
coupler to its output [16]. The relative phase @ of the
signal transmitted from input i and output j can be
modified to the following relationship

2 i 21k .
bijk = Tn (nd™ + nydf™) + % (n 8™ + n,AL +

nl 6]Put)’

(®)
fork=1,2,....,m.

Therefore, for the AWG multiplexer and demultiplexer
the following applies:

n, 6" + nyAL + 1y 87 = pl;, )

n, 8" + nyAL + ny 87 = (p + 1A, (10)

wherein p is an integer constant, and 4; and 1; are
wavelengths demultiplexed at the output ;.

3.2. AWG multiplexer

The AWG multiplexer configuration is shown in
Fig. 5.

Field of waveguides

Output waveguides

Input coupler

Output coupler

Fig. 5 The AWG multiplexer
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The attenuation value for couplers is -3 dB. As already
known from the previous theory, a copy of the input
signals appears in the array of waveguides. The output
signal p(4;) is at the wavelength A;for i = 1, 2, ..., n. It is
also known that a number of array waveguide is m. Then
the power p(4;) can be divided into equal parts [12], [16].
Each part of the power is called p’(7,).

The output power of the multiplexer is
Py = Xz p (), (11
where n is the number of input signals, and p(4;) is the
power of the i-th signal.

The power at the output of the multiplexer can be
expressed by the following relationship
Poe = 2isra; p (A), (12)
where q; is the attenuation and p’’(A;) is the output for
each wavelength 4, on the output port of the AWG

multiplexer. This performance can be calculated by using
following relationship

" l; '
p (/1[) = Zk=1 by -p (Aik)' (13)
In this relationship is the number of waveguide lines /,
attenuation by and p’(4;) is the part of the power p(4,).
Hence the ratio of output and input power for a given
wavelength 4;is expressed by the following formula

Paut(/li) — Zﬁj:l bk'p,(lik)
Py (1) p(2;)

(14)

The total power at the multiplexer output is for each
wavelength

Sap' () Zi e[S ber ()]
p(1) B p(1;) '

(15)

Pyyx =

3.3. AWG demultiplexer

The AWG demultiplexer configuration is shown in
Fig. 6.

Field of waveguides

Output coupler

Input coupler

Fig. 6 The AWG demultiplexer

The input optical signal is in this case the sum of the
performance of optical signals with different wavelengths
[15], [16] and [19]. The total input optical power P(1) of
the AWG demultiplexer is mathematically given by

P() = Sy p(2).

(16)
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In this relationship is the optical power p(2;) and the
wavelength A, The input coupler which size is I x m,
splits the input power P(4) to m divisions. Each such part
of the power P(4) is called P’(2).

The optical power at the demultiplexer output P(4;)ou:
is related to the wavelength 4; as follows

li ’ li !
P(/li)out = Zk=o byp (Aik) =1 Zk=o byp (/11')- (17)

The total output of the demultiplexer is the ratio of the
output power P(4,),.; and the total input power P(4)

i '
L Yo bip (A7)

Ximr(2)

P (li) out

P()

(18)

Ppemux =

4. EXPERIMENTAL VERIFICATION OF THE
SPM IMPACT IN AWG MUX/DMUX SYSTEMS

The OptSim is a software environment that enables
modelling and simulation of optical communication
systems. It contains more than 400 algorithms
representing a wide range of optical and optoelectronic
components used in practice [16], [17] and [18]. Typical
end-users in the OptSim environment are companies
engaged in the development and implementation of
network infrastructures to access a remote network [19].

4.1. Draft model

The Fig. 7 illustrates the two-channel DWDM system.
This DWDM system contains 3 parts: transmitting part,
optical part and receiving part.

4.1.1. Transmitting part

It consists of two DWDM channels. These channels
include a data source called Datasource. It generates a
pseudo-random sequence of bits at a rate of 10 Gbit/s.

Transmitter part

N
Low-Level 2,5
RZ Hi-Level 2,5

Datasource? NI

10Gbps
192THz
6adBm Laser! [Modulator1 .
Optical part
MachZehnder ~ ™
\ 4 AVGmux Booster  Splitter
i
Low-Level 2,5
Datasource2  NRZ Hi-Level 2,5 3dB 100Bm PLC_1:8

10Gbps

Fibre  F_grating Amplifer1 AVGdemux

193,150THz
6dBm  Laser2 |Modulator2

G-652-D 10mw

100km

MachZehnderJ -10 ps/nmkm

0 ps/nm/km

10 ps/nm/km

This sequence of bits is encoded in the block NRZ (Non-
Return to Zero). The block generates the encoded NRZ
electrical signal. The signal is modulated by Mach-
Zehnder modulator for optical carriers which source is a
laser CW_Lorentzian (6 dBm). The sources, i.e. laser
diodes, emitting frequencies are 193.000 and 193.150THz.

4.1.2. Optical part

The optical signal is amplified and transmitted by a
single-mode optical fiber. The amplifier amplifies the
input signal by 10 dB. The OptSim indicates a non-linear
effect SPM. At the output of the optical transmission part
is the signal depredated due to SPM and dispersion and
furthermore it is sent towards the recipient.

4.1.3. Receiving part

The output optical signal is converted to the electrical.
The eye diagram, BER analysis, Q-factor, eye openness
and jitter can be evaluated by the probes. The probe
labelled as Inmput senses the signal before being
transmitted through the optical communication system,
with no SPM or dispersion impact.

In this simulation, it will be a reference probe, with
which its results will be compared with the signal received
at the output of the system. At the output of the probe is
placed Scope. With this probe can be view the eye
diagram and analyze BER, Q-factor, eye openness and
jitter.

4.2. Results of simulation

In Fig. 8, 9 and 10 are shown the eye diagrams. In
each case, there are two graphs, one without the SPM
phenomenon and the other one with the SPM
phenomenon. These charts show the change of the optical
dispersion value affected by the SPM the transmission
quality. The values of the dispersion are as follows: -10, 0
and 10 ps/nm/km.

Input

. Scope1
Receiver part ’O
BESSH(OM RX1 BESSAEN |  pES tim 1
Bandpass Lowpass QES tim 1

Qutput

Fig. 7 The two-channel DWDM system
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Table 1 Dispersion is changed with the increment 5
Dispersion
(ps/nm/km) 10 S 0 -5 -10
Without
Q SPM 30,33816
(dB) With
SPM 18,235 29,630 40 30,89 26,64
Without 1e-040
SPM
BER "
=2 i With 1) ge-17 1e-040
a) b) SPM ’
] . S _ Without 0,00333483
Fig. 8 The eye diagram for the optical dispersion D=-10 Jitter SP‘ M
(ps/nm/km) a) After the SPM (output) b) Before the SPM (input) (ns) g}’)‘ﬁ 0,024 | 00243 | 002 | 0015 | 0017

) o b)

Fig. 9 The eye diagram for the optical dispersion D =-0
(ps/mm/km) a) After the SPM (output) b) Before the SPM (input)

a) b)

Fig. 10 The eye diagram for the optical dispersion D=10
(ps/nm/km) a) After the SPM (output) b) Before the SPM (input)

The Fig. 11 refers to the Q-factor changes as a
function of the dispersion.
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Fig. 11 The graph shows the Q-factor with the SPM and without
the SPM

The resulting values are in Table 1 where the
dispersion is changed with the increment 5.
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5. CONCLUSION

The aim of this article was to demonstrate the SPM
non-linear effect which occurs in WDM systems. For
implementing an optical communication system, it is
necessary to take into account this phenomenon already in
the proposal itself. In the simulation, the DWDM system
was altered as it affects the SPM phenomenon dispersion.
As it can be seen in Fig. 8, 9 and 10, the Q-factor became
non-linear due to the SPM influence. The transmission
quality characterized by the Q-factor was before the SPM
phenomenon constant: 30.33816. By changing the value
of the dispersion, the Q-factor, jitter and BER have
changed. The values of these parameters are shown in
Table 1.
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