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Abstract— The root-mean-squared bandwidth of spectral are broadened in WDM systems, up to a certain limit, the
broadening induced by cross-phase modulation is derived power spectra of two channels are overlapped, resulting in
analytically for a two-channel system consisting of a pump and yiarchannel interference. The rms bandwidth is important to

probe channel. The pump channel is randomly modulated by L
binary data and the probe channel is a weak continuous-wave study the limitation on number of channels and launched

channel. The analytical expression is verified by experiments. ~ optical power. The calculated values are found to match
quite well with the experimental measurements based on a

Index T —Cross-ph dulati fib li iti
ndex Terms—Cross-phase modulation, fiber nonlinearities, heterodyne method.

WDM.

Il. DERIVATION OF rms BANDWIDTH FROM XPM

|. INTRODUCTION .
Assuming a randomly modulated pump channel and a CW-
AVELENGTH-DIVISION-MULTIPLEXING (WDM)  probe channel, a formal approach to determine the spectral

techniques are revolutionizing the broadband networkgoadening is to solve the following equation for the probe
by offering enormous communication bandwidth. But thgigna| [4]:

WDM systems also give rise to new undesirable nonlinear A 1 64
interchannel effects such as four-wave mixing (FWM) and P =P A, =iy(|A 1 + 2[4 [D4, (D)
cross-phase modulation (XPM) [1] when multiple channels are v
transmitted through the same optical fiber. Affecting systermehere 4, and A.;,; are the electric field amplitude for probe

in dispersive fiber, XPM is an effect in which the optical phasand pump channel with proper normalization such that optical
of each channel is modulated by the overall optical power rower is equal t9A,|? or | A;.|?, respectivelyy, is the group

the fiber because of its power-dependence of refractive ind&glocity of the probe signak is the fiber loss coefficient, and
Consequently, the optical spectrum of the WDM channel = 27n2/A\,Aer iS the nonlinear coefficient where, is

is broadened [2], limiting the transmitting distance of anonlinear refractive index coefficient,, is the wavelength of
optical signal in dispersive fiber. Properties of XPM inducegrobe signal, andi.i is the effective core area of the optical
spectral broadening can be retrieved from a simple setup usiifger. Fiber dispersion does not affect the spectral density and
only one modulated pump channel (or signal channel) andte term with dispersion coefficient @f, is ignored in (1).
continuous-wave (CW) probe channel [3]-[7]. As summarizeds the probe is usually a small signal, the tefr,|* in (1)

in [2], previous studies of XPM induced spectral broadeningan be neglected and the solution4f(z,t) can be obtained
focus on single or periodic pulse interaction but a WDMdopting a similar approach used in [4]

system always transmits a random data stream. Previ%s<z )= Ay~ %
work [8] for random data stream is a simple qualitative”""’ v )
study about frequency modulated laser with residual intensity, exp [_%7 /4

z
P CREY

p

modulation. Modulated by the random data of the pump
channel, the phase of the probe is a random process %}(’j

2 7
e ¥ dz’] (2)

its statistical properties can be studied by its autocorrelati ere dy, = 1/v, — 1/v, is the group velocity mismatch
etween the pump and probe channels, dgd ~ DA,

function [8]. In this letter, the autocorrelation function of th hereD is the di . fficient am is th lenath
probe channel is derived analytically to find the root-meatf. ' o+ IS € dISPErsion coetlicient aniiA IS the waveleng
paration. Similar to the approach of [4], [7], the solution of

squared (rms) bandwidth of the spectral broadening. Even implies that fiber dispersion induces only pulse walkoff but

fiber with dispersion compensation, when the power spec . X ;
no pulse distortion because the pulse spectrum is usually much
" - ved Aoril 7. 1999, revised May 18. 1999, Thi . smaller than the channel separation. For a system modulated
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where, = {0,1} is random binary datgp(t) is the pulse 10 Gbis
shape, and’ is the bit interval. Neglecting the constant factor oc, S0KM  optical ey
of Ape—‘”’/ 2, the rms bandwidth can be derived from the phase mon X
of (2): % >

U(t’ Z) = Cii?(t%) (3) CW-Laser @ /

1550.10 nm
where
£ Na mod.
+oo Py g s
o(t,z) = Z bkq<t - = kT) 4) L A4z m

e — oo Up N ‘1.52anM:'MhEﬂm |

and Fig. 1. Experimental setup to measure rms bandwidth using heterodyne
= o method.
q(t) = 27/ p(t — dopz')e™ d7. (5)
0 where Q(€2) and P(Q2) are the Fourier transform of(¢)
The signal ofu(t, z) in (3) is a cyclostationary random procesaind p(t), respectively. For dispersive fiber with large walkoff
and its average autocorrelation function is parameterd,;,, () is a low-pass response having a 3-dB
1 /T ‘ bandwidth of approximatelyr/ds, and the second term of
R(r) = T/ E{emletm=e O]} gt (10) is small compared to the first term. Due to the low-pass
0 N characteristic, the rms-bandwidth decreases with the increase
1T = of the walkoff parameteti, .
o T/O E{eXpl_LkZ bila(t + 7 — kT) Obviously, the spectrum oP(?) is linearly proportional

to the launched optical power. Bot)(2) and W,,,; are also
}dt. ©6) linearly proportional to the launched optical power. However,
this linear dependence of launched optical power is not the
same as the linear relationship of [4]. The linear relationship
Because all binary dat®, are independent of each other, thef [4] indicates thats(t, ) in (3) is linearly depending on the
above average autocorrelation function in (6) becomes  input signal. However, the rms-bandwidth is figit, ») which
| T o+ is phase—modulateq by(t,_z) and ngither linearly depending
R(r) = _/ H {1 +e—i[q(t+f—kT)—q(t—kT)]}dt, on ¢(t,z) nor the input signal. Using the famous Carson’s
T Jo o 2 rule [9] for frequency modulation, to a certain extend, the
(7) bandwidth is proportional to the modulation index which is
proportional to the launched optical power for XPM. Although
The power spectral density is the Fourier transform of the simple expression is not available, the rms bandwidth can
average autocorrelation function and the rms bandwidth is pe calculated using numerical integration using the expression
of (10) with |Q(£2)|? given by (11).

— q(t = kT)]

k

25 Q25(Q) do d? _
r21ns = W = ) () . (8)
—oo =0 I1l. EXPERIMENTAL VERIFICATION
After some algebra, the rms bandwidth (8) becomes Fig. 1 shows the experimental setup to measure the rms
1 oo +o0 bandwidth of XPM induced spectral broadening. A coupler is
W2 = T [q/(t)q/(t) +q'(t) Z q(t—kT)|dt  first used to combine the CW-probe laser emitting at a fixed
—o0 k=— oo wavelength of 1550.10 nm and the pump channel (tunable laser

(9) TL1) externally modulated by 10-Gb/$%2-1 pseudorandom
) ) ) _ binary sequence (PRBS). The wavelength of the tunable laser
where ¢'(t) = dg(t)/dt. Using some properties of Fourieris githered with 10-kHz sinusoidal tone to avoid stimulated

transform, from (9), we have Brillouin scattering (SBS). The total optical power at the
1 +o0 coupler output is about 0 dBm, with the probe channel about

w2 = 8—T{/ Q2|Q(Q) 2 dQ 20 dB weaker than that of the pump. Both pump and probe
" - have the same polarization to maximize the effect of XPM.

1 [/ 2nk\?| . [ 27k

+TZ <T> Q(T) an erbium-doped fiber amplifier (EDFA) having maximum
k=1 output power of 17.6 dBm. Standard single-mode fiber of 50

and the relation betweef(Q2) and P(Q2) follows directly from km is used for XPM testing. Heterodyne method is used to
(5): measure the power spectrum of the probe signal by beating
) ) e . 9doOs with a tunable laser (TL2). The intermediate frequency (IF)

_ 7 |P@Q)] [(1—e7**)* +4e™**sin®(®5=)] s about 14.2 GHz with TL2 having shorter wavelength. The
a? + (dsp2)? wavelength separation is measured with an optical spectrum

(11) analyzer (OSA).

2} a The combined signal and probe channels are amplified through

R
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Figs. 2 and 3 show the measured and calculated rms band-
width. The theoretical results are evaluated using a fiber
nonlinear coefficienty 2.27 [km/W (corresponding to
ng = 2.8x1072° m?/W andA.g = 50 um?), a fiber dispersion
D of 16.5 ps/km/nm, and a fiber loss coefficiamtof 0.2
dB/km. The theoretical calculation assumes an input pulse
of nonreturn-to-zero (NRZ) rectangular shape. Fig. 2 shows
that the rms bandwidth is proportional to the launch power
to the fiber, or the output power of EDFA. Both calculation
and experiment uses a wavelength separation of 0.8 nm,
corresponding to frequency separation of 100 GHz. Fig. 3
shows that the rms bandwidth decreases with the increase of
wavelength separation for two pump power levels of 15 and

Fig. 2. The rms bandwidth as a function of launch power for a wavelengtty 6 dBm.

separation of 0.8 nm.
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Fig. 3. The rms bandwidth as a function of wavelength separation for Iaunm

power of 15 and 17.6 dBm.

The inset of Fig. 1 also shows some measured spectral
density with relative unit in dB. The launch power is 17.6 dBm

Figs. 2 and 3 show small discrepancy between experimental
and theoretical results. The discrepancy could be attributed to
the inaccuracy ofy, v, D, the neglecting of fiber dispersion
inducing pulse distortion for pump channel, the use of rectan-
gular pulse shape instead of a measured pulse shape, zero-chirp
input pulse, etc. Overall, the experimental results match well
with theoretical calculation.

IV. CONCLUSION

An analytical formula is derived for the rms bandwidth of
XPM induced spectral broadening from a randomly modu-
lated pump channel to a CW probe channel. The average
autocorrelation function of the probe channel is first derived
and the rms bandwidth is calculated from the autocorrelation
nction. The rms bandwidth formula is found to match well
with experimental measurements using heterodyne method.
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