1534 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 12, NO. 11, NOVEMBER 2000

High-Resolution Measurement and Spectral Overlap
of Cross-Phase Modulation Induced Spectral
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Abstract—Cross-phase modulation induced spectral broad- 1547.3 nm

ening in WDM systems is measured using a high-resolution
optical spectrum analyzer. The measured spectra are consistent
with recently developed theoretical models. Using the theoretical
models, the spectral overlap between two adjacent WDM channels
is estimated for a typical 10-Gb/s system having 50 GHz of channel
spacing. For —20 dB overlap, the product of number of fiber
spans and optical power per channel must be less than 18.1 and
15.5 dtl_?»ml for standard and nonzero-dispersion-shifted fiber, Fig 1. Experimental setup to measure XPM induced spectral broadening.
respectively.
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WDM systems. spectral density is theoretically derived in [5] and has significant

difference with the linearized model of [6] at high power.
In this letter, we will first verify the accuracy of the exact
I. INTRODUCTION power spectral density in [5] through high-resolution measure-
PTICAL networks using wavelength-division-mul-ment of XPM induced spectral broadening. The models of [4]
tiplexing (WDM) techniques are revolutionizinga”d [5] for XPM and [11] and [12] for SPM are then used to-
broad-band networks by providing enormous communicgether to predict the spectral overlap between two WDM chan-
tion bandwidth up to several terabits per second per fio&els.
However, nonlinear effects such as self-phase modulation
(SPM), four-wave mixing (FWM), and cross-phase modulation || HGH-RESOLUTION SPECTRUMMEASUREMENTS
(XPM) [1][2] affect the system when multiple channels are
transmitted through the same fiber. XPM is an effect in which The experimental setup in Fig. 1 is used to measure XPM
the optical phase of each channel is modulated by the ovef8fiuced spectral broadening and compared with the theory in
optical power in the fiber because of the power-dependencel@f The pump and probe setup of Fig. 1 is the same as the setup
refractive index. Consequently, the optical spectrum of ea€h most other experimental or theoretical studies [4]-[10]. A
WDM channel is broadened [2]-[6], limiting the transmissiof§ontinuous-wave laser at a wavelength of 1547.3 nm is exter-
distance of optical signal in dispersive fiber by either phag@lly modulated using 10-Gb&* — 1 pseudorandom binary
noise to intensity noise conversion [7]-[10] or spectral overlggduence (PRBS) as the pump signal. The laser is dithered
[3]-[5]. by a low-frequency sinusoidal wave to suppress stimulated
As summarized in [2], most previous studies of XPM-induce@rillouin scattering (SBS). The probe signal is a tunable laser
spectral broadening focused on single or periodic pulse inter4fl) having longer wavelength. The pump and probe signal
tion, but the WDM system transmits a random data stream. TR& combined using a coupler and amplified together using
measurement of [3] showed that the transmission distance@ofligh-power erbium-doped fiber amplifier (EDFA) having
a WDM system might be limited by spectrum overlap of tw@ total output power of 20.3 dBm. The probe is about 18
WDM channels after many fiber spans. The root-mean-squai@@ Weaker than the pump signal. A high-resolution optical
(rms) bandwidth of XPM induced spectral broadening is the§Pectrum analyzer (OSA), known as Walics from Photonetics,

retically derived and experimentally measured in [4]. The powt§ used after. = 50 km of standard single-mode fiber to
measure spectral broadening. The OSA has a full-width at
half-maximum (FWHM) resolution bandwidth of 0.018 nm,
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H Mesaement the same as that of a WDM system with 100 spans and 0.3

dBm per channel per fiber span, or other combinations having
MP,, = 20.3dBm.
Both the theories of [4] and [5] assume that optical pulse re-

0/ Tneoretical
§| results{5]

g1 m=oenm

=15

g:: mains the same along all fiber spans. In practice, fiber dispersion
a0 distorts the optical pulse, especially for system having strong

gj: \ SPM/XPM [2]. However, calculation in [4] and [5] and [11]
45 = and [12], the measurements of Figs. 2 and 3, and those of [4]
SOl LA R and [11] indicate that the assumption is valid for the studies of

Normalized frequency (T) SPM/XPM induced spectral broadening.

Fig. 2. Theoretical, modified-theoretical, and measured power spectrum of
XPM induced spectral broadening. [ll. SPECTRAL OVERLAP

Figs. 2 and 3 may conclude that the theoretical models in [4]

g% and [5] are valid. The models of [5] for XPM induced spectral
= broadening can be used to find the spectral overlap between
505 two WDM channels. The power spectrum of a WDM channel
f: 02 is contributed by three factors:
E 1) original signal spectrum;
2015 2) SPM from the channel itself;
g o1 3) XPM f_rom_ all other WDM _chan_nels. _
A Measurement The contribution from the original signal and SPM, or simply
g 0.05 the WDM channel itself, can be evaluated from the models of
2 the early works of [11] and [12]. In the single-pulse analysis,
x o05 : = - -5 for an input zero—chier pulse ¢f(t), the pulse spectrum at the
- . . fiber output is| P, (f)|*, whereP,(f) is the Fourier transform
Wavelength Separation (nm) of \/@G—MLP(&)ELL/{ with Ii ): (1 a @—QL)/Q being
Fig. 3. RMS-bandwidth versus wavelength separation. the effective nonlinear fiber length. For a WDM channel with
random data stream, the spectral density at the fiber output is
1/e-width of 75 = 0.557, corresponding to a FWHM pulse [13]
width of 1", wherel% is the peak power, arifl = 100 ps is the 1 1] X EN |2 k
bit interval for 10-Gb/s system. The theoretical results are tha&e(f) = E|Po(f)|2 + i > P <T) 6 <f - T) :
of [5] with a resolution bandwidth of 39 MHz, i.e., 10 000/256 k=—o0
MHz, where 256 provides simple calculation procedure. Be- 1)

cause the theoretical results cannot compare with the measured I h | ind q ¢ h other. th
results due to the difference in resolution bandwidth, the modiecause all WDM channels are independent of each other, the

fied theoretical results are that of [5] with a resolution bandwidffV€"a!l Power spectral density is the convolution of the spectral
of 2.25 GHz, corresponding to that of the OSA. The discreflnsities. i.e.,

lines in the theoretical results correspond to the delta-function

. . . = .. - 2

in [5]. The flat tail of the measured results is due to the am- Sr(f) = S(f)@s)e @ Sk (f) )
plified spontaneous noise (ASE) from the EDFA. Fig. 2 shoWgheres denotes convolution, ang(f)andk=1,2, - K

that the exact spectrum of [5] is consistent with the high-resolyre the spectral densities due to XPM induced spectral broad-
tion measurement by comparing the modified-theoretical reSngﬁing from other WDM channels [5]. The spectral overlap factor

with actual measurements. is
Fig. 3 shows the rms-bandwidth of spectral broadening calcu-
lated from the spectra of Fig. 2. The measured rms-bandwidth is /°<> Se()df + /—Af/QST(f) »
calculated by just taking the part of spectrum larger th&0 dB Af/2 e
from the peak (to eliminate the effects of ASE from the EDFA) wt = oo ©)
and subtracting the effects of OSA resolution filter. Fig. 3 also / S(f)df
shows that the measured rms-bandwidth is consistent with the o
models of [4] and [5]. whereAf is the frequency spacing between two WDM chan-

A launched power of 20.3 dBm per channel in Fig. 1 is natels. The factor in (3) assumes that adjacent WDM channels
practical for real WDM system. For a M-span WDM systerhave the same spectral density and the WDM filter is an ideal
with prefect dispersion compensation in each fiber link, frofilter.
both [4] and [5], the overall spectral broadening is approxi- Fig. 4 shows the spectral overlap factor as a function of op-
mately equal to a single-span WDM link having an opticdlcal powerM F,,, for standard and nonzero dispersion shifted
power of M P,,, where P,,, is the optical power per fiber fiber (NZDSF) having a dispersion coefficieft of 17 and 4
span. Therefore, the spectra of Figs. 2 and 3 are approximatetykm/nm, respectively. The channel separationnis = 0.4
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5 S Although the Gaussian spectrum approximation underesti-

z D = 4 psikm/nm mates the spectral overlap anq provides larger power .Iimits,

’f_ 0 1 the discrepancy between Gaussian spectrum approximation and

b exact model is less than 0.6 dB for spectral overlap factor larger

‘5 #D =17 psikmim than—20 dB. Therefore, the assumption of Gaussian spectrum

£as| ’ may provide a rough estimation of the power limits within a

_§ ] short computational time. Its accuracy improves with the in-

g crease of optical power.

O .20l /

§ /S —— Exact J

S F— Gaussian Spectrum IV. CONCLUSION

g ;

P sl s . . . . A high-resolution OSA is used to measure the power spec-
15 16 17 18 19 20 21 22 23

tral density of XPM induced spectral broadening. The mea-
sured spectra are consistent with recently developed theoretical
Fig. 4. Spectral overlap factor versus optical power. models for spectral density and rms bandwidth. The spectrum of
a WDM channel is evaluated by the convolution of the spectra

nm, corresponding to a frequency separation of 50 GHz. Fig. 419 the original signal with SPM and XPM induced spectral
for the central channel of an 11-channel WDM system. Becau@@adening from all adjacent channels. For a spectral overlap
far-away channels contribute very little spectral broadening infactor 1ess than-20 dB, the power limits in terms off P,

the center channel (see Fig. 3), Fig. 4 can be used to apprcﬁ{@ 18.1 and 15.5 dBm for standard and NZDSF fiber, respec-

mate the spectral overlap of a WDM system having more thiely, limiting either the maximum number of fiber spans or the
11 channels. launched power per channel per span.

Optical Power, MP,, (dBm)
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