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Measurement of Zero Dispersion Wavelength in an Optical Fiber
Using the Oscillatory Behavior of Four-Wave Mixing Efficiency
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Non-destructive measurement of zero-dispersion wavelength variation in a dispersion shifted
fiber by four-wave mixing technique is carried out. The oscillatory behavior of the four-wave
mixing efficiency is utilized for the measurement of the linear dispersion slope and zero-dispersion
wavelength. A simple formula useful for engineering estimation of the characteristics of fiber four-

wave mixing efficiency is presented.
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I. INTRODUCTION

Four-wave mixing (FWM) is one of the interest-
ing non-linearities such as optical phase conjugation
and wavelength converter in optical fibers [1,2] and
semiconductor optical amplifiers (SOA) [3,4]. Re-
cently, several studies have been reported on nonde-
structive measurement techniques for distribution of
chromatic dispersion wavelengths in dispersion shifted
fibers (DSF) because management of fiber dispersion
would be the key for WDM optical transmission sys-
tems [5-7]. FWM phenomena in an optical fiber or
SOA as a wavelength converter are used for ultra-high
speed optical signal processing {8-10]. Compared with
SOA-FWM, optical fibers have the parametric nonlin-
ear phenomenon of the optical Kerr effect, which has
low phase noise.

Therefore, FWM in the optical fiber is used in low
phase-noise clock extraction or in all-optical demulti-
plexing system {11,12], but it is also harmful in the
WDM transmission system because of the new fre-
quency generation. It is necessary to determine the
channel frequency separation at the operating wave-
length of the WDM system to prevent optical degrada-
tion of the transmitting signals. For a system trans-
mitting more than three channel carriers, cross-talk
due to FWM must be avoided in the system design.
To solve the problem, it is important to consider the
generated wavelength efficiency with respect to the
phase mismatch in the FWM procéss for arbitrary
input signal power and wavelength separation. The
efficiency of the newly generated waves in the FWM
process depends on the channel frequency separation,
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fiber-chromatic dispersion, and fiber length.

In this paper, we focus the oscillatory behavior
of the FWM efliciency with the phase mismatch-
ing parameters. The dependence of FWM efficiency
on the frequency separation has been investigated in
dispersion-shifted fibers. We deduced the linear dis-
persion slope near the zero dispersion wavelength re-
gion from the oscillatory behavior of the FWM effi-
ciency with frequency separation.

II. THEORY

FWM is easily observed in optical fibers for all low
input powers and the low nonlinear coefficients be-
cause optical fiber has small core size and long in-
teraction length. However, in order to generate an
efficient FWM light, a proper phase matching should
be considered. Since phase mismatch comes from the
different group velocities of the different wavelengths,
symmetrical configuration of the input wavelength ar-
rangement is needed. When three waves of frequencies
fis fiy fx (fi = f;) are incident on the optical fiber,
the new frequency component of fijx = fi + f; — fx
(subscripts 4, 7 and k select 1,2 and 3) are gener-
ated due to the third order nonlinear polarization. In
Fig. 1(a), nine new generated frequencies f;;; are in-
dicated. Then, if the frequency separation is equal
(Af = fo— f1 = fs — f2), the three signal frequencies
coincide with newly generated frequencies. This leads
to the cross-talk problem in wavelength multiplexed
communication systems. The time-averaged optical
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power Pi;(L, AB) through the FWM process for fijx
is as
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where F;, P;, and Py are the input light powers of
fi. f3, and fi, n is the fiber refractive index, ) is
wavelength, c is light velocity in vacuum, A.ss is the
effective mode area of the fiber, « is fiber loss coef-
ficient, and D is the degeneracy factor, and xi111 is
the third-order nonlinear susceptibility. 7 represents
the dependence of the FWM efficiency on the phase

mismatching, AS = B(f;) + B8(f;) — B(fx) — B(fijx),
which is written as
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where ( is the propagation constant and can be ap-
proximately expressed at around the zero-dispersion
wavelength as

ﬂ(fi)zﬁ(fo)"’(fi fo) df (fo)+ (f't fo)2
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The above expression can be rewritten using the fiber
chromatic dispersion D, and the relation D.(f.) = 0,
as

g

B(fi) = B(fo) + (fi — fo) f(fo)
.
+(fz—f0) 302 A\ (4)
Therefore, the propagation constant difference is
‘ M7 dD,
A=~ e (fi = fo) + (5 = £2)
x(fi = fi)(f5 — fx), ()

Eq. (5) describes the phase-mismatching in the zero-
dispersion wavelength. It is noted that the FWM
efficiency reaches 1 as AS = 0. The phase match-
ing condition is always satisfied when the zero disper-
sion wavelength is positioned at the middle between
two lights of f; and f;. In particular, in the case
of the partially degenerate frequencies (f; = f;), the
phase matching condition is always satisfied when f;
coincides with the zero-dispersion wavelength. Thus,
FWM light is generated at the side opposite to the fx
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FIG. 1. Sketch of the three input waves and nine wayes
generated through the four-wave mixing process, (a), and
the two input waves (partially degenerate FWM) and gen-
erated FWM frequency (b).

frequency light wavelength with the zero-dispersion
wavelength as the center point (Fig.1(b)). When the
fiber loss (@) is assumed negligible, the FWM effi-
ciency, Eq. (2) is expressed as ‘
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Eq. (6) describes the oscillating behavior with the
phase mismatch. The first minimum of the FWM light
occurs at the (AB),L/2 = 7. With the expression
of the propagation constant difference (5), the linear
slope of the dispersion can be deduced as [13].

chz 1
Pt () (R -2)

where Ap is the newly generated FWM wavelength,
Ao is the zero-dispersion wavelength, and A, is the
degenerate wavelength (A; = A;) at which the first
minimum FWM efficiency occurs. Therefore, we can
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FIG. 2. Experimental setup for FWM. PC; Polarization
Controller, DSF; Dispersion Shifted Fiber, OSA; Optical
Spectrum Analyzer.

get the linear dispersion curve near the zero-dispersion
wavelength as

Du()) = (dji) G-x) @

III. EXPERIMENT AND RESULTS

Experiments were carried out to study a fiber FWM
in the zero-dispersion wavelength region. Degenerate
FWM was investigated where two of three input lights
were identical. For measurements of the FWM char-
acteristics, 15km-long dispersion shifted fiber (DSF)
and 30km-long DSF were used. The experimental set-
up is shown in Fig. 2. A tunable pump light ();)
and DFB LD probe light (Ax = 1554.21 nm) were
comabined by a fiber coupler after each amplification
through an EDFA and were launched in the dispersion
shifted fiber. The launched input power was about
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FIG. 3. Polarization dependence of FWM proéess. 0 is
the rotation angle of the half wave plate, which the angle
between the input polarization states is 26.

FIG. 4. Optical spggfcm of the partially degenerate
FWM process as the pump light is scanned around the
zero dispersion wavelength with the probe wave fixed at
the 1554.2nm; (a) pump wave=1549.56nm, left FWM
wave = 1554.88nm, (b) pump wave=1549.56nm, left FWM
wave=1548.22nm (c) pump wave=1549.56nm, left FWM
wave=1552.76nm, right FWM wave=1554.92nm (d) pump
wave=1549.56nm.

6 dBm for each.

FWM power variation was measured with espect to
the polarization state by a rotating half wave plate
before the fiber coupler. Fig. 3 shows the maximum
FWM power was obtained at the parallel polarization
state because the maximum power period is 180 de-
grees. When the half wave plate (A\/2-plate) is 6, the
polarization states of the two input light waves have
the angle of 26. Therefore, the period of 90 degrees of
half plate angle in Fig. 3 means the power period of
180 degrees, which is parallel.

As the pump light is swept from 1549.56nm to
1557.04nm, FWM spectra, from (a) to (d), are in-
vestigated in Fig. 4. When the pump light is near
the zero- dispersion wavelength(1549.5nm), the phase-
mismatch of left FWM component is nearly zero from
Eq. (5). Whereas the phase-mismatch of the right
FWM component is far from zero. Therefore, the left
FWM component near the zero-dispersion wavelength
dominates over the right component. When the pump
wave is close to the probe wave in Fig. 4(c), the
nearly degenerate FWM occurs. Therefore, both of
the left and right FWM components are observed. In
Fig. 4(d), when the two input waves (pump wave-
length=1557.04nm, probe wavelength=1554.2nm) are
far from the zero-dispersion wavelength, both of the
FWM frequency components disappear because of the
large phase mismatch.

If the FWM efficiency is defined as the power ratio
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FIG. 5. Calculation result of FWM efficiency curve as
a function of the scanning pump wavelength, Here, the
probe wavelengths are 1554.21nm, 1553nm, and 1552nm.

of the FWM light to input probe light as
P(L, fijx)/P(0, fx), FWM efficiency curve with the
scanning pump light wavelength is calculated in Fig.
5. From the result, two maximum efficiency points are
shown. One is at the zero-dispersion wavelength and
the other is at the probe light wavelength. Around
the probe light wavelength, the efficiency has broader
bandwidth than at the zero-dispersion wavelength be-
cause the degenerate FWM occurs at the probe light
wavelength.

In order to find 3dB bandwidth of the FWM pro-
cess, the probe light was scanned with the pump wave
fixed at the zero-dispersion wavelength (1549.5nm).
3dB bandwidth was found to be 20nm in Fig. 6, which
is very wide compared with the SOA-FWM.

- FWM efficiency curve as a function of the tuning
pump wavelength is measured with an optical spec-

A T T T T T
Purmp pousr, &.03 4Bn (. 1549, 5nn
" Probe purwr, 9. %1 JBr
DEF, 15kn
- - ..
é a5 - Ll . b
a
o
v A L} -
13 ]
=]
By
B ]
n
1
"a fan [}
-8 N
ﬁ I3 1 1 1 1
132 1539 1544 151 15640 15Ta

Pr obe wavel emgth, nm

FIG. 6. FWM power as a probe wavelength with the
pump wave fixed at the zero-dispersion wavelength. 3dB
bandwidth of the fiber FWM is found to be 20nm.
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FIG. 7. FWM efficiency as a pump wavelength (A1) near
the zero-dispersion wavelength. Probe wavelength (A2) is
set at 1554.21nm and the fiber length is 15Km long (a).
Oscillatory FWM efliciency behavior (b). The solid line is
a calculation result.

trum analyzer of 0.05nm: resolution in Fig. 7(a). The
probe wavelength is fixed at the 1554.21nm. In the
experimental results, two peak efficiencies are clearly
shown at the zero-dispersion wavelength and probe
wavelength, which are both phase matched. The
wider bandwidth at the probe wavelength is expected
from the smaller phase mismatching because it has
square dependence on (f; — fi) and linear depen-
dence on (f; — f,). The oscillating behavior of FWM
efficiency was investigated by fine tuning the pump
wavelength near the zero dispersion wavelength in
Fig. 7(b). This experiment can also be applied for
measuring the zero-dispersion wavelength because the
zero-dispersion wavelength cannot be known at first.
The efficiency shows damped oscillatory behavior as
phase-mismatch increases. Since the first minimal
efficiency appears approximately in the condition of
(AB)zL/2 = 7 in Eq. (6), the dispersion slope near
the zero-dispersion wavelength can be calculated. The
measured slope was 0.069ps/km-nm-nm, which is rea-
sonable with the value of 0.075 ps/km-nm-nm mea-
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sured by the conventional chromatic dispersion ana-
lyzer.

The same experiment was carried out for 30km-
long DSF for which two 15km-long DSFs are con-
nected. The dispersion slope was measured as 0.048
ps/km-nm-nm. The reason, as Inoue pointed out [2],
is that a real fiber consists of many fiber segments with
slightly different zero-dispersion wavelengths. There-
fore, the phase matching condition cannot be com-
pletely satisfied. As the fiber length increases, the
zero-dispersion wavelength deviates widely because of
the non-uniformity of the fiber core size. This leads
the large phase-mismatch and the oscillatory period
of the FWM efficiency to be reduced, which makes
it difficult to find the first minimal FWM efficiency
point.

i

IV. CONCLUSIONS

Four-wave mixing experiments in an optical fiber
are carried out. New application for measuring the
linear dispersion slope in dispersion-shifted fibers is
proposed by the four-wave mixing efficiency curve as
a pump light is scanned near the zero dispersion wave-
length. The measured dispersion slope was reasonable
compared with the conventional method. The devia-
tion of the zero dispersion wavelength along the fiber
length plays an important role in the FWM behavior
and should be evaluated by the statistical analysis
because of non-uniformity of the fiber core size.
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