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Frequency Response of Cross-Phase Modulation in
Multispan WDM Optical Fiber Systems

R. Hui, Senior Member, IEEEY. Wang, K. Demarestiiember, IEEE.and C. Allen,Senior Member, IEEE

Abstract—The spectral characteristics of cross-phase modu- XPM-induced crosstalk effects created in different amplified
lation (XPM) in multispan intensity-modulation direct-detection optical spans is also found to be important to determine
optical systems were investigated both experimentally and the- the overall spectrum features of XPM-induced crosstalk. A
oretically. XPM crosstalk levels and its spectral features were . - L . .
found to be strongly dependent on fiber dispersion and opti- ;lmple analytical expression is obtained to describe the XPM-
cal signal channel spacing. Interference between XPM-induced induced crosstalk. Excellent agreement between measurements
crosstalk effects created in different amplified fiber spans is and theoretical predictions has been obtained.

also found to be important to determine the overall frequency ~ The theoretical analysis begins with the nonlinear wave

response of XPM crosstalk effects. propagation equation [5]. Consider probe and pump optical
Index Terms—Crosstalk, optical fiber communication, optical ~signals, A;(¢, z) and A(¢, ), copropagating in the same
fiber nonlinearity, WDM optical systems. optical fiber:
0A;(t, 2) « 1 0A;(t, 2)  iffs O%A;(¢, 2)
I. INTRODUCTION 1977 T3 Aty 2) + - Jait T3 #
- J
ROSS-PHASE modulation (XPM) has been found to = iv;[p;(t, 2) + 2pr(t — dji2, 2)]|A;(t, 2) (1)

have an important impact in the performance of high-
speed wavelength-division-multiplexed (WDM) optical fibewhere « is the attenuation coefficient of the fiber; =
communication systems [1], [2]. Due to the Kerr effect i@nn2/(A;Aeg) is the nonlinear coupling coefficient, is the
optical fibers, intensity modulation of one optical carrier canonlinear refractive index); and A, are the probe and the
modulate the phases of other copropagating optical signal$mp signal wavelengthsi.q is the fiber effective core area,
in the same fiber. Unlike coherent optical systems, intensityx = |Ax|? andp,; = |A;|* are optical powers of the pump and
modulation direct-detection (IMDD) optical systems are ndhe probe signalsi;; = (1/v;)—(1/vs) is the relative walkoff
particularly sensitive to signal phase fluctuations. Thereforlggtween the two signals withy , the group velocities of the
the crosstalk-induced phase modulation is not a direct souie® channels. Through linear approximation, the walkoff can
of IMDD systems performance degradation. However, due e expressed ag;, = So(A — Ag)A\;x, Where Xy and Sy
chromatic dispersion of optical fibers, phase modulation can &g fiber zero-dispersion wavelength and dispersion slope and
converted into intensity modulation [3] and, thus, can degrade);x is the wavelength spacing between the probe and the
the IMDD system performance. pump signals.

It has been found that XPM created phase modulationIn order to simplify the analysis and to be able to focus our
is inversely proportional to the baseband signal modulati@itention on the effect of interchannel crosstalk, we suppose
frequency [4]. On the other hand, since the phase-to-intendiat the probe signal is operated in continuous-wave (CW)
conversion through fiber dispersion is also a function of thehereas the pump signal is modulated with a sinusoid wave
modulation frequency [3], the overall intensity-to-intensityt the frequencyw. Under this condition and with small
crosstalk will be a combination of these two effects. Sincgignal approximation, the probe signal self-phase modulation
XPM is an important source of performance degradation (®PM) can be neglected and thus the first term on the right-
dense WDM optical systems, a better understanding of XPMand side (RHS) of (1) can be removed. Translating this
induced crosstalk and its frequency response is indispensalepagation equation into the frequency domain using Fourier
in the systems design and their performance evaluation. transformation, we have

In this letter, we report the results of our measurements on 94,(2, 2) o« 0
the XPM frequency response of a multispan WDM optical sys- —2—77 — {— <—' + —) + v, 2pr (2, 0)
tem. The crosstalk level is found to be dependent on the optical 0z 2y
channel spacing and fiber dispersion. Interference between Mz —ax 1322 }AJ(Q, R
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induced by the pump signak). This phase modulation is  erobe
proportional to the optical power in the pump signal and the
fiber nonlinearity. In a short fiber sectiofr, the crosstalk

phase modulation in the probe signal, induced by the pum V)
signal, can be linearized under the small signal approximatio

114km

hg m

[4] A
dpi(Q, 2) = 2ypa(Q, 0)ct TRz gz (3)
Network
Now, look at the third term on the RHS of (2). This is Analyzer | [
the term responsible for the phase noise to intensity noise (S21)

conversion in the probe signal. Phase noise generated at
z = 2’ is converted into intensity noise at the end of thEig. 1. Experimental setup. ECL: external cavity semiconductor laser.
fiber 2 = L due to chromatic dispersion. As discussed in [3 rﬁti)Zf %%%ﬁ;:gﬁ”g%fsshg"gggi oAd';p': microwave amplifier. EOM: external
the in-phase component of this conversion is proportional to

sin[B.Q2%(L — ~)/2]. Integrating all XPM contributions along
the fiber, adding fiber loss and linear phase delay, we ¢

obtain the total intensity noise at the end of the fipee L  theith span, wherel](.(,? = 0. Equation (6) describes the XPM-
induced intensity modulation in the probe signal, normalized

AAJ»(Q, L)= /pj(L)e_iQ/'”jL /L 29, p1(€2, 0) to its power !evel without this effect.
0 Our experimental setup, designed to measure the XPM
e (a—ifde)z sin[3Q*(L — 2)/2]dz  (4) frequency response, is shown in Fig. 1. Two external-cavity
tunable semiconductor lasers (ECL) emitting Jgt and A

where p;(L) is the probe signal average optical power ajre used as sources for the probe and the pump signals,
the end of the fiber = L. Under the assumptions thatrespectively. The probe signal operates as CW and the pump

exp(—al) < 1 and the modulation bandwidth is muchsignal is externally modulated by the signal coming from
smaller than the channel spacing, i.€;; > (/2, we a microwave network analyzer. The two optical signals are
can find a simple form to describe the relative amplitudéombined through a 3-dB coupler and then sent to an optical
fluctuation induced by XPM as amplifier to boost the optical power. The optical system in the
experiment has two nonzero dispersion shifted fiber spans with

span andi% is the relative walkoff between two channels in

Aa(Q, L) = w lengths of 114 and 116 km, respectively. A tunable optical
p;(L) filter is used at the receiver to select the probe signal and

(92, 0) sin(3,Q2L/2) /L (5) suppress the pump signal. After passing through an optical

TIPREE o — iQddp preamplifier, the signal is detected by a 32-GHz bandwidth

. . ) . photodiode, amplified by a 10-GHz bandwidth microwave
where a;,(€2, L) is the XPM-induced amplitude modulationymiier and then sent to the receiver port of the network

in the probe signal, normalized to the field amplitude in thi&nalyzer. The optical power injected into each fiber span is

channel without crosstalk. In multispan, optically amplifie¢t, oq ot approximately 11.5 dBm at each channel. Due to

systems, the total amplitude fluctuation at the receiver is th&\_induced crosstalk. the probe signal output, which was
sum of XPM contributions created by each fiber span. U”dr?ﬁtially CW, is intensity modulated by the pump signal.

the assumption that the length of each span is much longer tha&ig. 2 shows the normalized XPM frequency response mea-
the fiber nqnlinear length [1], which is typically about 20 kMg ,ed at the output of the system with only a single 114 km
the normalized XPM frequency response can be expressedigs, span. The channel spacings used to obtain this figure
. were 0.8 nm §; = 1559 nm, A, = 1559.8 nm) (stars)
N and 1.6 nm §; = 1559 nm, A, = 1560.6 nm) (circles).

, . NO) ey =1y (-1 Continuous lines are calculated using (6). Parameters used in
Apj( Ly) = Z vipe’ (2 0) exp[-iQ dj L4 the calculation areAq = 1520.2 nm,Sy = 0.075 ps/km/nrh,
ne = 2.35:100° m? - /W, Ay = 5.5-1071 m?, o = 0.25

i=1

N ) dB/km and the pump signal input optical power(z = 0) =
. AR 11.5 dBm with its modulation frequency swept from 50 MHz
sin [Q? 2/3 L /2 - o
172 to 10 GHz. High-pass characteristics are clearly demonstrated
= 0 (6) in both curves in Fig. 2 and XPM crosstalk levels are higher
o —iddy with narrower channel spacing. This is qualitatively different

from the results obtained in [4] where only phase modula-

) tion index was concerned, which is inversely proportional to

whereLy = 3| L) is the total fiber length in the systemthe signal baseband modulation frequency. However, since

with N spans,N is the number of spand,) and 3) are the efficiency of phase to intensity modulation conversion
fiber length and dispersion of th¢h span withL(® = 0, through the fiber dispersion is proportionalsia(3,Q2L/2),

pgj)(Q, 0) is the pump signal input power spectrum of tie as indicated in (4), the crosstalk in the low frequency part is
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Fig. 2. XPM frequency response in the system with single span (114 km)

nonzero dispersion shifted fiber. Stars: 0.8-nm channel spagipg(. = F19. 3. XPM frequency response in the system with two spans (114 and

1559 nm and\pump = 1559.8 nm). Open circles: 1.6-nm channel spacind16 km) of nonzero dispersion shifted fiber. Stars: 0.8-nm channel spacing

(Aprobe = 1559 nm andA,ump = 1560.6 nm). Continuous lines are (Aprobe = 1559 nm and\,ump = 1559.8 nm). Open circles: 1.6-nm channel

corresponding theoretical results. spacing 4, robe = 1559 nm and\pump = 1560.6 nm). Continuous lines are
corresponding theoretical results.

greatly suppressed and this brings the overall XPM frequency

response to a high-pass like characteristic. We believe that tre optical channel spacing and fiber dispersion. Interference

discrepancy between theoretical and experimental results in between XPM crosstalks created in different fiber spans creates

low frequency part is caused by the frequency discriminati@trong ripples in the frequency response. A simple analy-

effect introduced through the narrow-band optical filter.  tical expression was obtained to describe the XPM-induced
Fig. 3 shows the XPM frequency response measured drosstalk. An excellent agreement between measurements and

the system with two optical fiber spans, as shown in Fig. theoretical prediction has been obtained.

with 0.8-nm (stars) and 1.6-nm (open circles) optical channel

spaces. Corresponding theoretical results calculated from (6) REFERENCES
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