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Abstract—The electrostriction nonlinearity in a standard single
mode fiber is measured by cross-phase modulation (XPM) between
pump and probe. Novel use of a coherent homodyne receiver allows
measurement of in-phase and quadrature components of the probe
field, eliminating the need for an optical interferometer. The Kerr
effect () and frequency-dependent electrostriction (v.) nonlin-
ear parameters are characterized experimentally, and ~,. is found
to be approximately one third of v, at the highest peak resonance
frequency. The joint action of +;, and ~. also introduces a polariza-
tion dependence of the electrostrictive signal when the pump and
the probe are not copolarized.

Index Terms—Nonlinear optics, optical fiber communication,
optical fiber measurements, optical fiber polarization.

1. INTRODUCTION

PTICAL fiber nonlinearity limits performance of fiber-
O optic communication systems [1]-[3]. In recent years, the
availability of high speed digital signal processing has allowed
equalization of fiber-related linear field propagation impair-
ments, such as chromatic dispersion and polarization mode
dispersion, in the electronic domain [4], [5]. However, the
compensation of nonlinear effects has been less successful [6],
[7]. Better understanding and more accurate characterization
of fiber nonlinearities will help inform transceiver designs that
must contend with their action. We present a measurement of
the electrostrictive nonlinearity by means of coherent detection
in an experiment with standard single mode fiber (SMF) that
provides new insight into the polarization dependence of its
effects.

Kerr effect nonlinearity is an intensity-dependent refractive
index originating from the third-order susceptibility of the silica
material. This femtosecond time scale process results in four-
wave mixing within and between optical signals in a communi-
cation system. Electrostriction, on the other hand, is a process
by which glass density depends on optical intensity. A time
varying optical intensity excites sound waves in glass and the
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attendant index changes modulate the phase of the electric field.
The frequency dependence of electrostriction in optical fiber
is primarily determined by the mechanical properties of silica
and the geometry of optical fiber [8], [9]. Acoustic standing
waves can be created in the radial direction of the fiber in the
frequency region <1 GHz by electrostriction. These acoustic
waves propagate between the center and circumference of the
cladding/coating interface [10]-[12], and modulate the refrac-
tive index of the fiber, resulting in phase modulation of a forward
propagated optical signal.

The transverse acoustic wave created by the electrostriction,
and its interaction with the optical signal, have been well studied
[13], [14]. The consequent nonlinear coefficient can be evalu-
ated by measuring the optical phase modulation of a probe wave
created by the intensity modulation of a pump wave through
cross-phase modulation (XPM). Normally, an optical interfer-
ometer is enlisted to convert probe phase modulation to inten-
sity modulation for detection by a photodiode [15]-[18]. The
accuracy of this system depends on the calibration of phase-to-
intensity conversion efficiency of the interferometer as well as
frequency response of the transmitter and the receiver trans-
fer function. In this paper a coherent homodyne detection
receiver capable of detecting both phase and amplitude of
the optical field is used. The coherent detection receiver is
also polarization selective, and thus the polarization-dependent
complex nonlinear XPM crosstalk between pump and probe
is characterized here without the need of an optical inter-
ferometer and the associated calibration. The polarization
dependence of the electrostrictive signal is measured with
this apparatus when the pump is polarized 45° from the
probe. The polarization discrimination at the receiver also al-
lows the elimination of the Kerr effect contribution to the
XPM, while only selecting the contribution of electrostric-
tion. This observed polarization dependence in the presence
of electrostriction has not previously been reported in SMF,
and is attributed to the frequency-dependent phase modulation
which comprises real and imaginary parts of the electrostriction
nonlinear parameter 7, (£2). An improved understanding of the
admixture of Kerr and electrostriction nonlinearities is pertinent
to the design and performance optimization of polarization mul-
tiplexed (PM) wavelength division multiplexed (WDM) coher-
ent optical transmission systems. While direct detection systems
are insensitive to optical phase noise at the receiver input, coher-
ent systems use phase as a dimension for transmission and so are
more vulnerable to such noise. Since electrostriction is limited
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Fig. 1. Experimental setup for measuring the XPM crosstalk.

to low frequencies, §2 < 1 GHz, systems with low symbol rates
are more likely to register its effects. At 10 GBd, for example,
7. (€2) affects more than 10% of the channel spectrum. Even for
higher symbol rates, its influence is present within and some-
what beyond the tracking bandwidth of a coherent receiver’s
carrier recovery. Finally, frequencies associated with overhead
used to administer a channel, might otherwise unwittingly be
chosen coincident with resonant frequencies of 7, (€2).

II. EXPERIMENTAL SETUP AND THEORETICAL MODEL

Both Kerr and electrostriction nonlinearities are evinced as
intensity dependent refractive index, which can be measured by
XPM in a pump-probe configuration as shown in Fig. 1. In this
experimental setup, two single-polarization external-cavity tun-
able semiconductor lasers are used so that their wavelength sepa-
ration can be adjusted. One of the lasers, emitting at 1550.26 nm,
is a CW probe, the other, operating at 1550.63 nm, is an intensity
modulated pump with modulation provided by a high speed
LiNbO3 electro-optic Mach-Zehnder modulator. The modulated
pump power is amplified by an erbium-doped fiber amplifier
(EDFA) before it is combined with the probe in a fiber cou-
pler, and sent to the fiber under test (FUT). In this experiment,
the FUT is a 25.257 km long standard SMF with a chromatic
dispersion parameter D = 17.5 ps/nm/km, and an attenuation
coefficient o = 0.23 dB/km at the 1550 nm wavelength. An op-
tical de-multiplexer (~0.32 nm bandwidth) at the output of the
FUT rejects the pump before the coherent optical receiver. The
local oscillator (LO) of the coherent optical receiver is tapped
from the CW probe laser, undergoes a fiber delay line (having a
comparable length to the FUT), and then is amplified by a sec-
ond EDFA. The purpose of using the fiber delay line in the LO
path is to reduce its relative delay to be within 10 m with respect
to the probe that goes through the FUT, so that their relative
phase variation is minimized for coherent homodyne detection.
The coherent receiver includes a 90° optical hybrid and two
photodiodes connected to transimpedance amplifiers with ap-
proximately 17 GHz bandwidth. A polarizer is used inside the
coherent receiver to select a single polarization component from
the probe optical signal. Four polarization controllers are used
in the system: PC1 and PC2 adjust the state of polarization
(SOP) of the pump and the probe at the FUT input, PC3 adjusts
the SOP of the probe before it enters the coherent receiver, and
PC4 ensures that the SOP of the local oscillator matches the

polarizer orientation in the receiver. A RF vector network ana-
lyzer (RF-VNA) provides a frequency-swept signal that drives
the electro-optic modulator to intensity modulate the pump and,
simultaneously, captures the in-phase (/) and quadrature (Q)
signals from the coherent receiver output.

Intensity modulation of the pump modulates the probe’s opti-
cal phase via XPM in the FUT. At the same time, fiber chromatic
dispersion converts some of the probe’s phase modulation into
intensity modulation. As the result, in principle both phase mod-
ulation and intensity modulation will be created on the probe
wave at the FUT output. Following the principle of coherent
homodyne detection with phase diversity [19], [20], the pho-
tocurrents at the I and Q outputs are:

dI(§,t) = 1pa {0A() cos [p(t)] — Adp(Q) sin [p(t)]} (1)
dQ(Q,t) = npa {0A(Q) sin [p(t)] + Adp(2) cos [ (1)]} (1b)

where, 7,4 is the optoelectronic conversion efficiency which
includes the photodiode responsivity, and the gain of the tran-
simpedance amplifier. A and (t) are the average amplitude and
slow varying phase of the probe, and § A(€2) and §(€2) are mod-
ulated components of amplitude and phase caused by the pump
modulation at frequency {2 through XPM. The uncertainty of
©(t) due to the phase noise of the probe is removed by squaring
operations on the 7 and the Q components at the modulation
frequency, so that the total RF power is independent of time,

Prr(Q) = dI*(Q,t) +dQ*(Q,1)
=2 {32 Q) + [0} @

Since JAcosp + Adpsing = /A% + (Adp)? cos(p +
§), where 6 = tan~! (§A/Adyp), and considering the random
fluctuation of relative phase ¢ over time, a “maximum hold”
operation on each input of the network analyzer provides the re-
quired Pgr at each frequency (2, and simplifies the experiment
and data processing. When the pump and the probe are co-
polarized, the two terms on the right hand side of Eq. (2) contain
the XPM-induced amplitude modulation and phase modulation,
respectively, which can be calculated analytically as [21],

_ xp(ifa Q> L/2)—ex —a+iQd; )L
5A2(Q) = 4’YQPL0PJ'PA?(Q) {e ol i(afvlSZdJ)k.ji;z(Q?L/Z) L

_exp(—ifs Q%L/2)—exp(—a+iQd;;)L 2
i(a—iQd; —ifB2 Q%L /2)

3)
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and [22],

(1 — e“*L)2

A%50%(Q) = 1672 P o P P2 (Q)~———80 L
5¢( ) 67 Lot k( )Oé2+92d?k

4sin® (Qd;j, L/2) e L
(1 _ e—aL)Q

1+ “4)

where, L is the fiber length, d;; = (1/v;) — (1/vx) =~
D - (k; — Ay,) represents the pump/probe walk off, A; and A,
are the wavelengths of the probe and the pump, v; and vy, are the
group velocities of the probe and the pump, 3, = —A?D/ (27c)
is the dispersion coefficient, o is the attenuation coefficient
of the fiber, P; and P are the optical powers of the probe
and the local oscillator at the receiver input, and P (€2) is the
pump power at the FUT input. The nonlinear parameter is
v = 27mne/ (M. ), where Aqq is the effective area of the fiber
core, and ny = n9gj + no. is the nonlinear refractive index,
which includes a broadband Kerr effect contribution ns; and
a frequency-dependent electrostriction contribution n9.(£2).
While noj, is a material property which is independent of the
fiber structure, ms.(2) is jointly determined by the material
property and the fiber structure. It is thus more convenient
to separate the nonlinear parameter into v = v + 7. (), with
Vi = 2mnar/ (AAe), and . (Q) = 27ng. () / (A Aer),
representing Kerr effect and electrostriction contributions,
respectively.

The XPM power transfer function measured by the vector
network analyzer is defined as the ratio between Prr(€2) and
the pump modulation proportional to PZ (£2). The absolute value
of this transfer function depends on the modulation efficiency
of the pump, the photodiode responsivity, power of the local os-
cillator, and the RF gain inside the coherent receiver. Therefore
proper calibration is required to obtain an accurate value of the
nonlinear parameter .

III. MEASUREMENT OF v (2)

Fig. 2(a) shows the normalized XPM transfer functions cal-
culated for L = 25.257 km of standard SMF. The contributions
due to amplitude modulation, § A? (£2) (dash-dotted line), and
phase modulation, A?§p? () (dashed line), are shown sepa-
rately for comparison. While optical phase modulation (PM)
in this XPM process is a direct result of the power-dependent
refractive index, the generation of amplitude modulation (AM)
on the probe requires chromatic dispersion in the fiber which
converts PM into AM. The efficiency of PM to AM conversion
has a high-pass characteristic in the low frequency region [21].
Moreover, the fiber used in the experiment was relatively short
such that accumulated chromatic dispersion was small. Thus
the AM contribution shown in Fig. 2(a) is at least 30 dB lower
than the PM contribution at frequencies below 2 GHz. Theoret-
ical results shown in Fig. 2(a) did not include electrostriction
nonlinearity . (£2), and thus the calculated total XPM transfer
function does not show fine spectral features at low frequencies
(2 < 1 GHz). A measurement with a finer resolution in the fre-
quency region below 1.5 GHz reveals details of the resonance
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Fig. 2. (a): Normalized XPM transfer functions calculated with only AM
contribution (dash-dotted line), only PM contribution (dashed line) and the
combination of AM and PM contributions (solid line) without considering
electrostriction nonlinearity. Red circles are measured XPM transfer function
normalized to its lowest frequency value. (b): Calculated and measured XPM
transfer function in the low frequency region when electrostriction nonlinearity
is considered.

structure of the XPM transfer function due to electrostriction.
This is shown in Fig. 2(b).

The calculation of electrostriction nonlinear parameter in the
time domain is based on [11]:

_ B it 1, +8in (Qnt)
n%(t) = UTnZZI Bm Cme Te(t) (5)
where,
8t [F 72
— 1 _
b= -5 [ Ea0)50) ( )d ®)
R
C, = 277/ E, (r) f (r)rdr 7
0
and

0 t<0
oo = {7 150
F,(r) =M, Jy (u,r/R) is the radial acoustic wave

eigenfunction, in which the eigenvalue (i, can be obtained by
solving:

(1= /0] o ) = @00 T2 (1) =0 (8)
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and the normalization factor M,,, can be found with,
1
Ry/7[ T () + TF (tm)]

where, vy and v, are longitudinal and shear sound velocities.
Jo, J1, and Jy are the Oth, 1st and 2nd order Bessel func-
tions, respectively. a is the effective core radius, and R is the
cladding radius of the fiber. The frequency of the mth acous-
tic mode is €, = p,ve/R, and T, is the damping rate.
f(r) =exp (—r?/2a%) is the transversal distribution of the
optical field in the fiber. Finally, 79, (¢) can be converted into
frequency domain through a simple Fourier transform to obtain
n9.(€2). Note that in Eq. (5), the proportionality coefficient U is
determined by a number of material properties of the fiber core,
cladding and the nature of cladding/coating interface [10], [11].

We used the following SMF parameter values for the cal-
culation: v, = 3740 m/s, I',,, = 3 x 10" s™!, @ = 3.6 um, and
R = 62.5 um. The shear sound velocity v; = 5970 m/s was
used to obtain the best fit with the measured electrostriction
resonance frequencies, which is slightly higher than the value
(5910 m/s) used in [12]. The Kerr effect nonlinearity in standard
SMF is approximately nyj, = 2.2 x 1072° m? /W [23], corre-
sponding toy; = 1.1 W~ km ™! for SMF. Here we find the value
of 7. (Q2) relative to ;.

At high frequencies (2 > 1 GHz in Fig. 2) the XPM trans-
fer function only depends on the Kerr effect nonlinearity ;.
Below 1 GHz in Fig. 2, it depends on a combination of Kerr ef-
fect and electrostriction nonlinearities. Using v = v; + . ()
in Egs. (3) and (4), the XPM transfer function can be calcu-
lated. The proportionality coefficient U in Eq. (5) can be ad-
justed once to obtain the best fit between the calculated and the
measured XPM transfer functions for both high (€2 >1 GHz)
and low (2 <1 GHz) frequency regions as shown in Fig. 2.
Although this optimum fitting only guarantees the correct ra-
tio of 7. (2) /v, it avoids complications due to a number of
calibration uncertainties such as pump power levels, modulator
response, and receiver electro-optic conversion efficiency. Fig. 3
shows the real and the imaginary parts of -, (£2) calculated from
Eq. (5) with U = 5 x 10~'®, which resulted in the best fit to the
measured XPM transfer function as shown in Fig. 2(b), where
v = 1.1 W 'km ™! was assumed, corresponding to the exper-
imental condition of co-polarized pump and probe. Note that
this 7 value is dependent on the fiber type.

Mm = (9)

IV. RESIDUAL INTENSITY MODULATION AND IMPACT
ON CROSS-POLARIZATION MODULATION

Because of the axial symmetry of the optical field in the fiber
and the symmetry of acoustic standing waves in the transversal
direction, it is generally accepted that electrostriction nonlin-
earity does not contribute to the polarization state change of
the probe optical signal. However, we observe a polarization
dependence of our signal that is caused by electrostriction. In
the experimental setup shown in Fig. 1, the coherent receiver is
polarization-selective, in which both the LO and the probe opti-
cal signals are selected by a polarizer. By adjusting the polariza-
tion controller PC4, the SOP of the LO matches the orientation
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Fig. 4. Measured maximum and minimum transfer functions of XPM
crosstalk (blue dots) with 9.57 dBm pump average power at FUT input.
(a) pump was co-polarized with the probe, and (b) there was 45° polariza-
tion mismatch between pump and probe at fiber input. Red continuous lines
were calculated.

of the receiver polarizer so that the LO power at the photodiode is
always maximized. The SOP of the probe can be independently
adjusted by PC3 before it reaches the polarization analyzer in
the coherent receiver.

Fig. 4 shows the spectra of XPM crosstalk measured with
9.57 dBm average pump power at the fiber input. Fig. 4(a) was
obtained with co-polarized pump and probe set by PC1 and
PC2 at the FUT input. By adjusting PC3 at the receiver input,
the SOP of the probe can be made parallel or perpendicular
with respect to the axis of the receiver polarizer, and thus the
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spectral density of XPM crosstalk measured by the network an-
alyzer could be maximized or minimized, shown as blue dots
in Fig. 4(a) marked with maximum and minimum, respectively.
The red solid line in Fig. 4(a) was calculated based on Egs.
(2)—(4) using v, = 1.1 W lkm™! and 7. (€2) values shown in
Fig. 3. The electro-optic conversion efficiency of the receiver
was adjusted so that the level of the calculated spectral density
best fits to the measured maximum transfer function at 1 GHz.
In this configuration, proper adjustment of PC3 allowed cancel-
lation of XPM crosstalk on the probe at the pump modulation
frequency caused by Kerr effect and electrostriction nonlinear-
ities combined. Except for 1/f noise at low frequency (2 <
0.2 GHz), the trace of the minimum measured spectral density
shown in Fig. 4(a) is at the instrument’s noise floor. This clearly
shows that the probe wave was not depolarized by either Kerr
or electrostriction nonlinear processes when pump and probe
polarizations are aligned.

In a second measurement, the SOP of the pump was rotated by
45° with respect to the probe at the FUT input, and thus the XPM
efficiency due to the Kerr effect nonlinearity was reduced by a
factor of 2/3 compared to that with co-polarized pump and probe.
Thus, the power spectral density shown as “maximum” trace in
Fig. 4(b) is approximately 3.5dB lower than that in Fig. 4(a) at
1 GHz where Kerr effect nonlinearity dominates. Meanwhile,
since the XPM crosstalk due to electrostriction nonlinearity
is independent of pump/probe SOP mismatch in the fiber, the
relative contribution of electrostriction increases. This is shown
as the increased peak-to-peak excursion (in dB) of the resonance
structure in the “maximum” XPM transfer function of Fig. 4(b)
compared to that in Fig. 4(a). In contrast with the co-polarized
experiment, we observe in Fig. 4(b) that when the XPM crosstalk
due to Kerr effect nonlinearity is eliminated by adjusting PC3
to minimize the XPM crosstalk for frequencies >1 GHz at
the receiver, a residual resonance structure in the XPM transfer
function is still apparent below 1GHz. This is shown in the lower
trace marked with “minimum”. Thus, the receiver polarizer did
not remove all of the probe power at the receiver in this particular
situation, and residual electrostriction signal at the modulation
frequency was detected, even though Kerr effect contribution
to XPM was completely removed. This suggests that the SOP
of the probe might be modified by the frequency-dependent
electrostriction nonlinearity.

Stress birefringence has been found in a vibrating cylinder,
and birefringence patterns have been presented and analyzed
[13]. This also applies to guided acoustic modes produced by
electrostriction nonlinearity in an optical fiber. Polarization ro-
tation of the probe wave due to electrostriction can only be in-
troduced by the mixed modes of the acoustic wave which causes
stress dependent on the azimuthal angle [14]. However, in our
measurement based on a standard SMF with a high degree of ax-
ial symmetry, only resonance structures corresponding to radial
modes were observable in the measured XPM transfer function
shown in Figs. 2 and 4, which agrees well with that predicted
by Eq. (§) where only radial modes are considered. Although
Kerr effect nonlinearity can introduce cross-polarization mod-
ulation in the probe when it has a 45° polarization angle with
respect to the pump, the probe power can still be eliminated by
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a polarizer at the receiver. However, the frequency dependent
electrostrictive phase common to both polarizations modifies
the optimum extinction angle of the receiver polarizer which
results in an observed leak of the probe field as shown in the
“minimum” trace of Fig. 4(b). The strong resonance structure
of the spectrum in the “minimum” trace of Fig. 4(b) is attributed
to the phase modulation caused by electrostriction.

To explain this observation, we consider a horizontally linear
polarized pump, and assume the probe is also linear polarized
but at a 45° angle with respective to the pump. The field vector of
the probe is E = A (11 ]T /\/2, where A is the field amplitude
and T denotes matrix transpose. Assuming the principal axis of
the receiver polarizer is set along the horizontal direction x, the
probe field that reaches the receiver can be expressed as,

E,(t)] [1 0 cosf  €“sinf
_ ' X
E, )| [0 0 |-e?sing  cost
iYe Pk (”
e 0 eilve Pr (1) +7e (1) @pr (1)] i
0 e~ Ve Pk (t) 1 \/é
(10)

On the right hand side of Eq. (10), the first term represents
the receiver polarizer, the second term is the Jones matrix of the
polarization controller (PC3), and the third term represents bire-
fringence caused by the Kerr effect cross-polarization modula-
tion with v, = g Lo / (AMAeg ) [24]. e 7ePr ()7 (e ()] g
anonlinear phase modulation which depends on both the Kerr ef-
fectnonlinear parameter v, = 3mnaj Losr / (A Aot ) and the time-
dependent electrostriction nonlinearity 7, (£2). The symbol “®”
represents a convolution, and py(t) is the pump modulation
waveform.

When the pump power is modulated by a sinusoid, p; () =
pro (1 4 cos Qt), the fundamental tone imparted to the probe
by Kerr effect XPM can be eliminated by a polarizer at the
receiver provided proper polarization pre-conditioning. To min-
imize the fundamental tone on the probe field, the parameters
of the polarization controller in Eq. (10) can be obtained using
the Jacobi-Anger identity:

_ anfl J1 [pk:O (’Y(: + 7&:)]
/=t {Jl [Pro (%—%)]}

(11a)

&= 27:pro (11b)

While the efficiency of electrostriction ~,(2) is indepen-
dent of the SOP, it is strongly frequency-dependent in the low
frequency region (2 < 1GHz). The convolution in the com-
mon phase term in Eq. (10) can be expressed as 7. (t) ®
pr (t) = pro [ (0) + 77 () cos Qt — 7% () sin ], where
v (Q) and 4. (), are the real and the imaginary parts of
~.(2), respectively. The presence of electrostriction makes the
optimum polarization angle 6 described in Eq. (11) frequency
dependent, and thus the probe field cannot be completely elim-
inated by a polarizer. The leaked-through E,(f) component in
Eq. (10), phase modulated at the frequency (2, is detected by the
coherent receiver and RF-VNA. The continuous line in Fig. 4(b)
“minimum” shows the Fourier transform of F,.(7) obtained with
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Egs. (10) and (11) and by scanning the modulating frequency (2.
The calculated results agree reasonably well with the measured
spectrum.

Note that when the pump and probe are co-polarized, this
residual signal modulation is blocked by the receiver polarizer
which minimizes the probe optical field. For example, if the
pump and the probe are both linear horizontal polarized, the
probe is E=A [1 O]T, and E(f) in Eq.(10) is proportional
to cos(#) which can be completely eliminated with a polarizer
by setting § = 7 /2. This explains why the resonance structure
of the XPM transfer function does not exist in the “minimum”
trace of Fig. 4(a).

Under the same conditions used to obtain Fig. 4(b), we fur-
ther measured the “maximum” and “minimum” XPM transfer
functions at different average power levels of the pump. Fig. 5
indicates that for every 2 dB decrease of average pump power,
both the “maximum” and the “minimum” XPM transfer func-
tions are reduced by 4 dB. The ratio (or the difference in dB)
between the corresponding “maximum” and “minimum” traces
is relatively independent of the pump power level. This obser-
vation is also reproducible by the calculation based on Egs. (10)
and (11).

V. CONCLUSION

We have measured the contributions of Kerr effect and elec-
trostriction nonlinearities in a SMF by means of XPM in a
pump-probe configuration. A coherent homodyne receiver was
used which allowed the simultaneous detection of both the am-
plitude and the phase of the optical signal in the probe channel.
The measured and calculated XPM transfer functions are in good
agreement. The frequency-dependent electrostriction nonlinear
parameter introduces resonance structure of cross-phase modu-
lation originating from the radial modes of the acoustic wave in
the fiber. We have observed that when pump and probe channels
are not co-polarized, the frequency dependent electrostriction
modifies the angle of extinction of the receiver polarizer. When
this is the case XPM crosstalk due to Kerr effect and elec-
trostriction cannot be simultaneously removed by a polarizer at
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the receiver input. We have reproduced these observations with
a simple model of our experiment.

REFERENCES

[1]1 G. P. Agrawal, Nonlinear Fiber Optics. New York, NY, USA: Academic,
2007.

[2] A. R. Chraplyvy, “Limitations on lightwave communications imposed
by optical-fiber nonlinearities,” J. Lightw. Technol., vol. 8, no. 10,
pp. 1548-1557, Oct. 1990.

[3] R. H. Stolen, “Nonlinearity in fiber transmission,” Proc. IEEE, vol. 68,
no. 10, pp. 1232-1236, Oct. 1980.

[4] J. McNicol, M. O’Sullivan, K. Roberts, A. Comeau, D. McGhan, and
L. Strawczynski, “Electrical domain compensation of optical dispersion,”
presented at the Optical Fiber Communication Conf., Anaheim, CA, USA,
2005, Paper OThJ3.

[5] K.Roberts, M. O’Sullivan, K.-T. Wu, H. Sun, A. Awadalla, D. Krause, and
C. Laperle, “Performance of dual-polarization QPSK for optical transport
systems,” J. Lightw. Technol., vol. 27, no. 16, pp. 3546-3559, Aug. 2009.

[6] X. Liu, F. Buchali, and R. W. Tkach, “Improving the nonlinear toler-
ance of polarization-division-multiplexed CO-OFDM in long-haul fiber
transmission,” J. Lightw. Technol., vol. 27, no. 16, pp. 3632-3640, Aug.
2009.

[7] K. Roberts, C. Li, L. Strawczynski, M. O’Sullivan, and I. Hardcastle,
“Electronic pre-compensation of optical nonlinearity,” IEEE Photon. Tech-
nol. Lett., vol. 18, no. 2, pp. 403—405, Jan. 2006.

[8] E. P. Ippen and R.H. Stolen, “Stimulated Brillouin scattering in optical
fibers,” Appl. Phys. Lett., vol. 21, no. 539, pp. 539-541, 1972.

[9] Y. Aoki, K. Tajima, and I. Mito, “Input power limits of single-mode optical

fibers due to stimulated Brillouin scattering in optical communication

systems,” J. Lightw. Technol., vol. 6, no. 5, pp. 710-719, May 1988.

E. M. Dianov, A. V. Luchnikov, A. N. Pilipetskii, and A. N. Starodumov,

“Long-range interaction of soliton pulse trains in a single mode fiber,”

Soviet Lightw. Commun., vol. 1, no. 1, pp. 37-43, 1991.

E. M. Dianov, A. V. Luchnikov, A. N. Pilipetskii, and A. M. Prokhorov,

“Long-range interaction of picosecond solitons through excitation of

acoustic waves in optical fibers,” Appl. Phys. B, vol. 54, pp. 175-180,

1992.

A. Melloni, M. Martinelli, and A. Fellegara, “Frequency characteriza-

tion of the nonlinear refractive index in optical fiber,” Fiber Integr. Opt.,

vol. 18, no. 1, pp. 1-13, 1999.

E. K. Sittig and G. A. Coquin, “Visualization of plane-strain vibration

modes of a long cylinder capable of producing sound radiation,” J. Acous-

tical Soc. Amer., vol. 48, no. 5, pp. 1150-1159, 1970.

R. M. Shelby, M. D. Levenson, and P. W. Bayer, “Guided acoustic-wave

Brillouin scattering,” Phys. Rev. B, vol. 31, no. 8, pp. 5244-52, 1985.

E. L. Buckland and R. W. Boyd, “Electrostrictive contribution to the

intensity-dependent refractive index of optical fibers,” Opt. Lett., vol. 21,

no. 15, pp. 1117-1119, 1996.

E. L. Buckland and R. W. Boyd, “Measurement of the frequency response

of the electrostrictive nonlinearity in optical fibers,” Opt. Lett., vol. 22,

no. 10, pp. 676-678, 1997.

A. Melloni, M. Frasca, A. Garavaglia, A. Tonini, and M. Martinelli, “Di-

rect measurement of electrostriction in optical fibers,” Opt. Lett., vol. 23,

no. 9, pp. 691-693, 1998.

A. Fellegara, A. Melloni, and M. Martinelli, “Measurement of the fre-

quency response induced by electrostriction in optical fibers,” Opt. Lett.,

vol. 22, no. 21, pp. 1615-1617, 1998.

R. Hui and M. O’Sullivan, Fiber-Optic Measurement Techniques. Boston,

MA, USA: Academic, 2009.

K. Kikuchi, “Phase-diversity homodyne detection of multilevel optical

modulation with digital carrier phase estimation,” I[EEE J. Sel. Top. Quant.

Electron., vol. 12, no. 4, pp. 563-570, Jul./Aug. 2006.

R. Hui, K. Demarest and C. Allen, “Cross phase modulation in multi-

span WDM optical fiber systems,” J. Lightw. Technol., vol. 17, no. 7,

pp. 1018-1026, Jun. 1999.

T.-K. Chiang, N. Kagi, M. E. Marhic, and L. Kazovsky, “Cross-phase

modulation in fiber links with multiple optical amplifiers and dispersion

compensators,” J. Lightw. Technol., vol. 14, no. 3, pp. 249-260, Mar. 1996.

A. Boskovic, S. V. Chernikov, J. R. Taylor, L. Gruner-Nielsen, and O. A.

Levring, “Direct continuous-wave measurement of ny in various types of

telecommunication fiber at 1.55 pm,” Opt. Lett., vol. 21, pp. 1966—-1968,

1996.

M. Winter, C.-A. Bunge, D. Setti, and K. Petermann, “A statistical treat-

ment of cross-polarization modulation in DWDM systems,” J. Lightw.

Technol., vol. 27, no. 17, pp. 37398-3751, Sep. 2009.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]



HUI et al.: CHARACTERIZATION OF ELECTROSTRICTION NONLINEARITY IN A STANDARD SINGLE-MODE FIBER BASED

Rongqing Hui (M’94-SM’97) received the B.S. and M.S. degrees from the
Beijing Institute of Posts and Telecommunications, Beijing, China, and the Ph.D.
degree from Politecnico di Torino, Turin, Italy, all in electrical engineering. He
is a Professor of electrical engineering and computer science at the University
of Kansas, Lawrence, KS, USA. Before joining the faculty of the University
of Kansas in 1997, he was a Member of the Scientific Staff, Bell-Northern
Research, and then Nortel, where he worked in research and development of
high-speed optical transport networks. He served as a Program Director at the
US National Science Foundation for two years from 2006 to 2007, where he
was in charge of research programs in photonics and optoelectronics. He has
published more than 100 journal papers in addition to numerous conference
papers in the area of fiber-optic systems and devices, and holds 16 US patents.
He served as a Topic Editor for the IEEE TRANSACTIONS ON COMMUNICATIONS
from 2001 to 2007, and an Associate Editor for the IEEE JOURNAL OF QUANTUM
ELECTRONICS from 2006 to 2013.

Charles Laperle (M’90) received the B.Eng. degree from Sherbrooke Uni-
versity, Sherbrooke, QC, Canada, in 1991, the M.Eng. degree from McMaster
University, Hamilton, ON, Canada, in 1993, and the Ph.D. degree from Laval
University, Québec, QC, in 2003, all in electrical engineering. He was with the
Wireless Development Group, Nortel, Canada, from 1997 to 2000, as an RF
Hardware Designer for TDMA wireless base stations. He was with the Op-
tical Research and Development Group, Nortel, as an electro-optic hardware
designer from 2001 to 2010. He has been with Ciena Corporation, Ottawa, ON,
since 2010 as an Optical Systems Designer. His current activities include the
development of DSP-assisted coherent transceivers for next-generation optical
communication systems for 100 Gb/s and beyond. He was a Technical Com-
mittee Member of OFC/NFOEC from 2010 to 2012.

4553

Michael Reimer, biography not available at the time of publication.

Andrew D. Shiner (M’06) received the B.Eng. degree in engineering physics
from McMaster University, Hamilton, ON, Canada, in 2004. He received the
M.Sc. degree from York University, Toronto, ON, in 2006. He received the
Ph.D. degree from the Joint University of Ottawa/NRC Attosecond Laboratory
(JASLAB), Ottawa, ON, in 2013, in the area of extreme nonlinear optics. He
joined Ciena Corporation, Ottawa, as a Systems Engineer in 2012, with research
activities that include the study of nonlinear propagation in telecommunications
fibers, advanced constellation design and carrier recovery.

Maurice O’Sullivan, biography not available at the time of publication.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


