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Due to ever increasing channel density in WDM systems the nonlinear optical
effects in fibers become a limiting factor for the high-speed data transmission, which
necessitates determination of such important characteristic as the coefficient of optical
nonlinearity. To measure it, two methods are proposed: continuous wave self-phase
modulation (CW-SPM) and pulse phase self-modulation (P-SPM). The research work
has been carried out both in the form of calculations and experimentally, taking as
wavelength the central one from the third optical transparency window, 42 = 1550 nm.
Based on the OptSim 5.2 simulations and experimental results, the sought-for
nonlinear coefficients have been calculated. In the paper, comparative analysis and
estimation of the results are performed for two different optical fibers.
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1. INTRODUCTION

The fiber optic transmission systems (FOTS) extensively used now world-
wide stem from the development of two main technological directions. First of
them is obtaining of low-loss SiO, fibers, whereas the other is development of
corresponding high-speed (R > 10 Tbit/s) optical devices (e.g. semiconductor la-
sers, light diodes, etc.) [1]. In the past years, owing to cooperation of physicists and
chemists, new fiber types with low dispersion and attenuation have been obtained,
which are used in long haul FOTS and local area networks (LANs). Nowadays, the
fiber optics is employed not only for creation of global and local computer
networks but also for a private network’s needs; at the same time, the rapid
increase in the power put into an optical fiber (OF) gives rise to such side pheno-
mena as nonlinear optical effects (NOEs). Therefore, when planning and designing
high speed (R > 1 Gbit/s) FOTS in which new single-mode fibers (SMFs) and
standards are employed it is necessary to perform a preliminary estimation of their
operation and the NOEs in order to reduce their influence.

Ideally, the OF used in communication technologies should not possess a
high nonlinearity coefficient; however, the nonlinear phenomena can be observed
at very high intensities of light and large transmission distances [1]. Although the
power used at transmission of signals is not very high — several (or a couple of tens
at most) microwatts — the light intensity in a fiber is very high [2]. This is owing to
the fact that the cross-section of OFs employed in the communication technologies
is very small — 107—10"° cm” for a single-mode fiber, so the light intensities acting
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upon a fiber reach as much as several GW/cm®. Such an intensity value is sufficient
for inducing nonlinear effects, thus adversely influencing the light propagation in a
fiber.

2. NONLINEAR CHARACTERISTICS OF OPTICAL FIBER

An optical fiber is characterized by nonlinear properties. The most
significant of its parameters are the nonlinear refraction index and the effective
cross-section area, A.; [1, 3]. The majority of NOEs arise in a fiber owing to
nonlinear refraction, since at high light intensities the OF refractive index is
determined by its dependence on the intensity:

n=n0+n21=n0+n2i, 1)
eff

where ny is the linear refractive index;
n, 1s the nonlinear refractive index;
I is the light radiation intensity;
P is the maximum radiated power.

The nonlinearity effect in an OF is rising with intensity, which, in turn, is
inversely proportional to its core area. The light radiation power spreads non-
uniformly over the OF core cross-section. It is greater along the OF central axis
and decreases towards the core/cladding interface. When spreading, this power is
even pressing into the covering, following the real profile of the OF refractive
index. The OF cross-section area is very significant for NOE manifestation;
therefore it is necessary to know the distribution of light radiation power in a fiber.
Due to non-uniform propagation of radiation in the fibers, communication
technologies employ the effective cross-section area, A, The corresponding
definition takes into account the OF cross-section area and the intensity distribution
over it. In the general case, this parameter is defined as [1]

i Fen aaf
S Fep) [ dxdy
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where F(x,y) is the electric field mode distribution in a fiber.

It is evident that 4.4 is dependent on such OF parameters as the core radius
and the difference in the core and cladding refractive indices. For a standard single-
mode fiber we can approximate F(x,y) with Gaussian distribution. Then the
effective cross-section area can be expressed as

Agp =7W", (3)

where w is the mode width parameter.

This approximation cannot be applied to a fiber whose refractive index
profile is not step-like, for example, to a dispersion-shifted fiber (DSF). Depending
on the OF type and producer, the 4.5 value usually varies in the range from 20 to
100 pm? at the wavelength of 1.5 um. Besides, fibers with a large effective area are
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also produced to reduce the optical radiation intensity and, accordingly, the OF
nonlinearity [1, 4].

Another parameter characterizing the OF nonlinearity is the nonlinear phase
shift ¢y;, which depends on the OF length L and its effective length, with L,y < L
owing to losses a. The L.y parameter is introduced to calculate the fiber area where
most of the NOE interactions occur, and is defined as [1]

l—e

L, = 4
eff a ()

The phase maximum is found from the relationship [5]:

¢max :Leff/LNL = VPOLeff: (5)

where Ly, is the OF nonlinear length;
P, is the power;
y  is the nonlinear coefficient.
In turn, the nonlinear coefficient is expressed as [1, 6]
_ 2my

y= : (6)
Ay A

From relationship (6) the physical sense of Ly; follows as the effective
propagation length at which @.x =1.

In order to determine n at high intensities it is necessary to compare this
coefficient with some constant value. For this purpose the nonlinear coefficient is
expressed as

2z -n
y="—". (7
)“SAeff
In this expression, 4, is the signal wavelength in vacuum. The determination of

refractive index n, is usually done after measuring 4.4 and y and then calculating
ny[7].

3. MEASUREMENTS OF FIBER EFFECTIVE AREA

All nonlinear effects related to the Kerr effect depend on the electro-
magnetic field intensity in the relevant environment. However, usually the total
optical power at a fiber’s input and output is measured, with the latter being merely
the integral of the intensity distribution over the entire area of a fiber’s cross-
section. As mentioned previously, the optical radiation is not distributed uniformly
in a single-mode fiber. Besides, it does not fill completely the whole fiber’s
volume. This field is stronger along the central longitudinal axis of the fiber and
decreases in the direction to the core-cladding interface, forcing into the cladding
in dependence on the real profile of a fiber’s refractivity. Therefore, the Ay
parameter is indeed very significant for the NOE. Similarly as in Eq. (2) we can
express it as
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where E (7), I(r) are the amplitude and the intensity, respectively, of the near field
of the fundamental mode at a distance of radius » from the central longitudinal axis
of the fiber [8, 9].

In this investigation, effective area was determined through the transversal
shift measurements. This — the so-called far-field distribution measurement me-
thod — is based on a transversal shift of two fiber ends using a micro-positioner to
perform the key operations: positioning of the optical fiber and its shifting in the
direction perpendicular to its longitudinal axis. The transition of optical power
from the source fiber's central mode to the same mode of the receiving one is
described by integrating over the area, i.e. by the relationship:

C(u)nga (|r|)Ea (Ir—u|)dr, 9

where u =] ul is the shift from the fiber's central axis.

The integrals are taken over the entire area (S) where both the fibers' modes
are overlapping.

Integral (9) can be written in polar coordinates, i.e.:

27 ©

Clu)= (j) (j)Ea(r)Ea(r')rdrdﬁz[Ea(r)*Ea(r)]r_u, (10)

where r?=u?+r2-2rucos(¢), and * denotes a two-dimensional Henkel

transformation convolution described by the expression:
H{C(w)f= H{E,(r)* E,(r); = F*(p). (11)

Here F2(p) is the far-field power distribution in a fiber.

Using Egs. (9) and (10), the power Cz(u) transferred from one fiber to the

other can be obtained for the central mode of the near-field power distribution by
calculating it through the far-field one [9, 10]. Further, the effective area can be
obtained using the near-field distribution.

In the measurements, it is necessary that the both fibers' ends be fully
identical, since they should be placed precisely opposite to each other. The
placement of the fibers on parallel planes was done by fixing them by fasteners
arranged in parallel, each fiber by its opposite parallel fastener. One of the
fasteners is immovable, securing the fiber with an optical radiation source at its
second end. The second (receiving) fiber is placed on a movable platform, whose
position can be varied by three stepping motors. Therefore, the receiving fiber
could be centered against the source fiber thus allowing achievement of the
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maximum power for the transmitted optical signal. Actually, a connection of two
fibers' ends is formed, and, by varying the position of one of the fibers we can
obtain the maximum transmitted power. As a result of measurements, the far-field
power distribution in a fiber's cross-section has been obtained. Then it was
necessary from this distribution to derive the near-field power distribution, and,
finally, to calculate the value of the fiber's effective area. The measurement setup
(Fig. 1) contains a laser source tunable for the 1520—1630 nm and 1465—1575 nm
ranges. Such a laser allows for transmitting via a fiber the optical radiation with the
signal power up to +13 dBm (20 mW). For measuring the optical power, at the
optical connection output a meter of power and wavelength is placed.
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Fig. 1. The block diagram of 4, measurement scheme.

In our experiment, the measurements were taken at three different optical
signal wavelengths. The purpose of such variations was to study the dependence of
the effective area on this parameter. The results of measurements for G.652 D type
fiber are shown in Fig. 2.
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Fig. 2. Measured fiber cross-section for three wavelengths: 1520, 1550 and 1580 nm.
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Based on the results of measured power distribution and on the model for
their processing described previously, the fiber's effective area values have been
calculated. Table 1 presents these values obtained using our own script in the
MatLab software.

Table 1

The effective area of G652 D and G655 C
optical fibers

Aeff, }J.I’I'l2
A, nm
G652 D G655 C
1520 62.39 53.12
1550 65.76 54.19
1580 64.79 59.03

The A.; dependence on the wavelength for the two types of fibers is shown
in Fig. 3.
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Fig.3. a) Effective area results Fig.3. b) Effective area results
for G652 D type fiber. for G655 C type fiber.

The effective area of a standard ITU-T G.652 D single-mode fiber is evenly
increasing at larger wavelength. We can therefore conclude that the optical signal
intensity at larger wavelength decreases. Results for G655 C type fiber show
similar tendency. However, as could be seen, the effective area value is decreasing
at 4 = 1580 nm, which possibly is due to a measurement error: as error bars show,
the actual value of 4,7 can be located around this point. Detailed analysis of
measurement uncertainty calculations is given in the penultimate section of this
publication.

4. EXPERIMENTAL AND SIMULATION SCHEMES
FOR DETERMINATION OF NON-LINEAR COEFFICIENT

To determine coefficient y for different OF types various methods are
offered — both interferometric and non-interferometric [5, 11]. In this research we
used two non-interferometric methods (continuous-wave self-phase modulation
(CW SPM) and pulse phase self-modulation (P-SPM)), with better results — com-
pared simulations and experiments — obtained by the P-SPM method. At the same
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time, the advantage of CW-SPM technique is that it does not need using a separate
pulse source but a continuous wave laser instead.

Both the simulation and the experimental scheme (Fig. 4) employ one optical
channel. A high-power tunable laser source (the wavelength resolution of 1pm, the
FWHM (full-width-at-half-maximum) of 50 MHz, the reference wavelength
A = 1550 nm) is continuously switched on. In the CW-SPM case, laser radiation is
directly sent to the OF, whereas for P-SPM the optical signal is modulated using
external intensity modulation (IM). For this purpose we employed an electro-optic
Mach—Zehnder modulator (MZM) with the pseudo-data 9.953 Gbps pulse sequence
output of a pulse pattern generator (PPG). The MZM optical insertion loss by
9.953 Gbps is < 5 dB. The signal is amplified by an erbium-doped fiber amplifier
(EDFA). After amplification, the signal is sent to different type fibers (G.652
standard single mode fiber (SSMF) and G.655 C standard dispersion shifted fiber
(DSF)), where optical pulses are propagating over a 1 km [6]. Fiber dispersion and
effective area parameters are given in Table 2.

Table 2
G652 D and G655 C type fiber parameters
Fiber type G652 D G655 C (DSF)
Dispersion, ps/(nm-km) <18 (A=1550nm) | <5 (4=1550 nm)
A pm’ 65.76 54.19

The simulations were performed using OptSim 5.2 software. The method of
calculation is based on solving a complex set of differential equations, taking into
account optical and electrical noise as well as linear and nonlinear effects. The time
domain split step (TDSS) method was applied to simulate linear and nonlinear
behavior for both optical and electrical components.
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Fig. 4. Experimental and simulation schemes.

During its propagation in an OF the pulsed signal is subjected to the SPM
action, which leads to a nonlinear phase shift and appearance of sidebands in the
optical spectrum of the signal or generation of spectral components. From the
spectral picture, which can be observed with the help of optical spectrum analyzer
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(OSA), it is possible to derive a relationship between the initial frequency and the
generated 1% order side frequency intensities in the form [5]:
Ly _Jo@Wspu 12+ J7 Bspu 12) 12)
L Ji (Pspur 120+ 3 (Bspur 12)

where I and I, are the intensities of the zeroth and 1% order harmonics;
J,, are the n-th order Bessel functions.

Ignoring dispersion, the nonlinear phase shift ¢sp), can be expressed as a
function of /y/l; from Eq. (12). The variables in this equation can be measured
easily enough with the help of the scheme described above. The measurements
were taken for short OFs only, so that the OF losses and dispersion do not affect
the measurement results [7]. P-SPM measuring method requires a relatively low
average power that is concentrated in very short pulses supplied by a laser pulse
source with high peak intensity. The spectral extension for the Gaussian pulses
under the P-SPM influence can be calculated as

(Ao)

o _ fio 4 o pp )2
(Aa))m _\/1+3\/§(7 P Leﬁ’) ’ (13)

where Aw is the mean-square value of the spectral width;
P is the peak power.

Performing the measurements by this method it is possible to obtain highly
precise results. However, to achieve this, detailed information is needed about the
shape of the introduced pulse; also, it is necessary to know the fiber’s dispersion
and attenuation, since these parameters can significantly affect the output spectrum.
To describe results mathematically we used the least squares method [12].

Figure 5 shows the output spectrum according to the input optical signal po-
wer for the P-SPM measurement scheme. The input signal power is changing from
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Fig. 5. Output spectra for P-SPM measurement scheme and G652 D fiber.
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11 dBm to 23 dBm with a step of 4 dBm. The results are obtained using simulation
software OptSim 5.2. A signal spectrum widening due to SPM effect enhancement
with optical power is clearly seen.

Measurement results for CW-SPM and P-SPM methods with G.652 D and
G655 C fibers are shown in Fig.6 a—d.
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Fig. 6. a) Measurement results with CW-SPM Fig..6.b) Measurement results with CW-SPM
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Fig. 6. c) Measurement results with P-SPM Fig. 6. d) Measurement results with P-SPM
for G652 D type fiber. for G655 C type fiber.

The calculated n, and y values for the CW-SPM and P-SPM schemes with
the two fibers are given in Table 3.

Table 3
Experimental and simulation results
Experimental results OptSim 5.2 simulation results
ﬁ‘ber CW-SPM CW-SPM
ype
Vs (I/W) ny, (mZ/W) 7> (1/W) ny, (mZ/W)
G652 D 1.37-107%° 0.89-107%° 1.46:1071° 0.95-107%°
G655 C 2.02:107'° 1.11-107%° 1.23-107%° 0.68-107%°
Fiber P-SPM P-SPM
type 7, (1/W) 5, (M/W) 7, (/W) 5, (m*/W)
G652 D 2.36:1071° 1.53-107%° 3.48-1071° 2.26:107%°
G655 C 5.26-1071° 2.89.107%° 4.88-1071° 2.68-107%°
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5. EVALUATION OF MEASUREMENT ERRORS

The fiber effective area and the nonlinear coefficient can be determined
through indirect measurements only, i.e. measuring definite optical parameters and
afterwards calculating them. This means that the end result contains all
measurement errors of the primary parameters. First of all we will consider the
fiber effective area.

As concerns A , the primary characteristic is the optical radiation power
distribution at the far-field. To determine this characteristic we used optical wave-
length & power meter (resolution +0.05 dB for the wavelength range 1520—
1580 nm) and a micro-positioner (the least step 0.156 pm). Comparison of the
influence exerted by these two parameters on the final result shows that most of
errors are due to the insufficient precision of the micro-positioner step size
(~5.64% as shown by calculations). Such precision is unacceptable for our
measurements; to improve it, more advanced equipment is needed, especially for
the fibers with complex refractive index profiles (such as non-zero dispersion
shifted fibers (NZDSF)).

Nonlinear coefficient measurements are based on the comparison of optical
signal input and output spectra. The SPM effect can be seen in Fig. 5 as spectrum
expansion. To obtain a signal spectrum at the OF output an optical spectrum ana-
lyzer (the wavelength precision < 3%, the level measurement accuracy < 0.4 bdB at
1550 nm) was used. Through spectral measurements we can change linearly the
spectral width at different power levels. The nonlinear coefficient can be found
through determination of this linear relationship or linear function angular
coefficient. Figure 7 shows the worst case scenario, when one half of the error bars
are pointed to one direction and the other — to the opposite, thus achieving the
greatest influence on the linearly approximating function angular coefficient. This
is done to find out the maximum possible error due to the imperfect measurement
equipment.
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Fig.7. The error interval worst case scenario

In this case (G655C type fiber and P-SPM method) the nonlinear coefficient
changes from 5.26:107'° to 5.79-107"°, which means a 10% inaccuracy of the
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results. Obviously, the probability of the worst case scenario is insignificant. If
these error bars are pointed at random directions, the uncertainty of calculated
results is below 5%.

6. DISCUSSION AND CONCLUSIONS

The computer simulations and experiments with the use of P-SPM and CW
SPM measuring techniques allow for the statement that in the method with a laser
source of pulses the NOE influence on the propagation of optical signal is
noticeably greater, since there is a pronounced pulse spectrum extension due to the
shift in the nonlinear phase; in turn, in the case of a CW laser source in the
spectrum, infinitesimal additional spectral components arise. This means that the
SPM gives rise to considerable pulse extension, and, consequently, also to a
decrease in the data transmission speed. Both measurement methods produce
similar uncertainty of the results.

With the help of CW-SPM and P-SPM measuring methods the following
parameters have been determined experimentally: nonlinear coefficient y and
nonlinear refractive index n,; accordingly, y is calculated to be in the range
1.37-107'°-5.26-10""° 1/W, whereas n, — in the range 0.89-10°—2.89-10° m*/W
depending on the fiber type. It is established that as the laser power increases these
coefficients decrease while the nonlinear phase shift pgpy, increases. As seen from
the results, G652 D fibers have a smaller variation in the nonlinear coefficient
values at different measurement methods as compared with G655 C fibers. For the
G652 D type fiber the 1, value is stable in the limits from 0.89-107° (CW-SPM
method) to 1.53-107° m*W (P-SPM method).

The similarities revealed at comparison of the experimental and simulation
results are as follows.

For the G652 D type fiber and CW-SPM method the results almost coincide
(difference 6%). The other case (G655 C type fiber and CW-SPM method) shows
larger differences — up to 40%. For more detailed studies it is planned to perform
multiple measurements to derive statistics on the precision of each measurement
method.

When using EDFA amplifiers in the measurements it should be taken into
account that increase in the input signal power above the noise power at the
amplifier’s input will lead to changes in amplification. To avoid this, the input
signal should be smaller than —45 dBm.

The results obtained could be used at planning and implementation of the
fiber optic transmission systems, and especially of high-speed local area networks
(LANSs) where these types of fiber are required.
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OPTISKO SKIEDRU NELINEARITATES NOVERTEJUMA METODES,
IZMANTOJOT SIGNALA FAZES PASMODULACIJAS EFEKTU

A. Supe, J. Porins
Kopsavilkums

Saja pétijuma dots salidzinajums starp divam nelineara koeficienta mérfjumu
metodém: nepartraukta optiska starojuma fazes paSmodulacijas (CW-SPM) un
impulsveida optiska signala fazes pasmodulacijas meérjjumu metode (P-SPM).
Balstoties uz eksperimentaliem un ar datorsimulacijas programmu OptSim 5.2
iegiitiem rezultatiem, ir aprékinatas optiskas Skiedras nelineara koeficienta n,
vértibas. G652 D tipa optiskajai $kiedrai, tas ir robezas no n, = 0,89-10*° (CW-
SPM mérijumu metode) lidz n, = 1,53-10%° m*W (P-SPM mérfjumu metode).
Savukart G655 C $kiedrai n, ir robezas no 1,11-10*° (CW-SPM mérijumu metode)
lidz 2,89-10° m*W (P-SPM mérfjumu metode). legitie rezultati var tikt izman-
toti, planojot un ievieSot augsta datu parraides atruma optiskas parraides sistémas,
pielietojot Saja petijuma apskatitas optiskas Skiedras.

12.12.2011.
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