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Accurate Measurement of In-Band FWM Power in
DWDM Systems Over Nonzero Dispersion Fibers

Antonella Bogoni, Luca PatMember, IEEEand Alberto Bononi

Abstract—A novel accurate measurement technique of the whered is the degeneracy factor, which takes value 1 and 2 for
in-band four-wave mixing (FWM) power in dense wavelength-di- degenerate and nondegenerate terms, respectively, and
vision multiplexing (DWDM) over nonzero dispersion fibers
is presented. By measuring only two out-of-band FWM terms 27ns 2
generated by three fixed channels, the FWM efficiencies on all b= <A ) >
DWDM channels can be evaluated and the in-band signal-FWM eﬂ2 ¢
crosstalk ratio can be calculated. A comparison with other known o

methods proves the better accuracy of the proposed technique. Mhijk = a? + A[}Z?jk

¢ L% @

Index ~ Terms—bense  wavelength-division ~ multiplexing -\ are;,. is the nonlinear coefficient. the central wavelength,
(DWDM), fiber-optic transmission systems, four-wave mixing

(FWM). Acg the core effective ared,.g the effective lengthy the fiber
attenuationz the fiber length, and?;, P;, and P, the input
power of channels i, j, and k. The expression of the efficiency

. INTRODUCTION nij1 is valid for much longer thai /v, and the phase matching

HE PERFORMANCE of dense wavelength-division-mulcoefficient Ag; ., away from the zero dispersion wavelength
tiplexing (DWDM) transmission systems over low dispertZDW) (|Dc| > 1 ps/nm/km), is given by [1]
sion fibers is mostly degraded by four-wave mixing (FWM) [1] 27c
so that an accurate evaluation of the in-band crosstalk FWM Afijr = )\—g()‘i = Ak)(Aj = Ar) - De 3)

terms is mandatory for system design. Among the most pOPUIaﬁerec is the light speedD, is the fiber dispersion, anfi Ay

experimental techniques, the suppression of the channel in s _ . i
band where the FWM power is to be measured (channel SL?Fr)];AN/\Jk are the wavelength spacings between charineland

. ; . . ote that, away from the ZDW, (1)—(3) accurately predict
pression (CS) method) [2] is not accurate, since some impgl M power, even when the ZDW is nhot constant along the fiber
tant FWM terms are also suppressed. It is also not accuratié? P ' 9
evaluate the FWM power by slightly detuning the channel ifi-;
the band of interest (channel detuning (CD) method) [1, Fig. 2{%
since the efficiency of the FWM terms is altered.

In this letter, we present a novel method for the accurate eval- _(2mc 2 n p
uation of the in-band FWM in DWDM equally spaced systems Abn =mn <_2) DeAA n=(i=k)G-k. @
over nonzero dispersion fibers (NZDFs). In the measureme 'Fig. 1, we summarize all FWM terms falling on each fre-
all DWDM channels are _suppressed except for three suita _Mency in an equally spaced four-channel system. Each term is
chosen test channels, which are used to take only two FWM e

. E h I é;presented by the indicégk of the three channels involved
ciency measurements. From such measurements, one calcuigigs, -, mpination. For instance, the term 123 labels the FWM

3\1/6 in-::l)and EWM rf)o(\j/vehr Wf;len aIIhDWDI:/I _crfg:annelia(rje 2Ctivqerm jointly generated by channels 1, 3, and 2. Note that since
e call such method the three-channel (TC) method. A CORig term falls on channel 2, its power cannot be measured by

parispn with the commonly used CS and CD methods S_ho‘éﬁﬁﬁply suppressing channel 2, and this is the main limitation of
the higher accuracy of the novel method. The TC method is &Xe CS method

perimentally verified on a four-channel WDM system.

In the case of channels arranged on an equally spaced grid of
solutionA X, Apg; ;. takes the discrete values

C

For each FWM term, the corresponding phase-matching co-
efficient Ag, is also shown in Fig. 1. Some FWM terms, at dif-
ferent frequencies, may have the safy)e, values, and thus the

The FWM power P, generated by three polariza-same efficiency values.
tion-aligned continuous-wave (CW) channels at frequengies  In Fig. 2 the FWM efficiencyn; ;. is plotted versus the dis-
fi,andfy, is [1] crete values o\, in the case of a nonzero dispersion-shifted

. _ 12p.p. - fiber (NZDSF) withD. = 2 ps/nm/km andA\ = 0.4nm. The
Fiji = & FuFi b @ efficiency also takes on quantized valugs\ 3, ), with n rep-
Manuscript received August 2, 2002; revised October 22, 2002. resenting the order of quantized efficiency. Now, from (1) and
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Fig. 1. FWM contributions and correspondingy3, for a four-channel Fig. 3. Number of FWM terms falling in the central channel band for an 8-,
system. 16-, and 32-channel system versus the efficiency onder
1061 : i we consider equal channel powers, we obtain the total in-band
; FWM power on channef as
106-2 i 3
é ‘ Py =P Z Cnn 9)
n

1.06-3

_ : whereC,, is the number of FWM terms with orderfalling in
the band of channgl. Note that each nondegenerate term must
10645 1 S AN e be counted four times.
By, ABy ABs  AB, ABy APy, OBy ABys 4By, ABy . ..
Fig. 3 shows the value of th&, coefficients versus the order
Fig. 2. FWM efficiency versus phase matching terms. n for three different systems, witfi being the central (worst
case) channel of the comb.

are known. If we can reliably measure such coefficients for two IN the general case, the computation time of all FWM terms
quantized efficiency ordersand j, with i < j, then for all,  9rows exponentially with the number of channels N. For in-

the efficiency coefficients can be calculated as stance, it took 20 s for our software to run on a Pentium 11l PC
oo when N= 512, and 130 s for N= 1024.
Mo = (.J — 7)min; , (6) However, the contributions to the total FWM power at a fixed
(n? —12)n; — (n? = j*)n; frequency rapidly decrease to zero when the ordgets large,

and we do not need any precise knowledge of the fiber paraas seen in Fig. 2, so that the summation in (9) can be safely
eters. Since such coefficients are decreasing,ias seen in truncated to a highest ordef,.., which depends on chromatic
Fig. 2, we should use the lowest possible values fandj in  dispersion and channel spacing values. For instance, if we con-
(6), as these correspond to the largest ones, those that casider a NZDSF, andAA = 0.4 nm, by inserting the); andn;

most reliably measured. values obtained from Fig. 2 in (6), we find that, < 7;/10*.
In order to measure the efficiency terp, consider again
Fig. 1. When channels 3 and 4 are switched, all FWM terms lll. CoMPARISONWITH OTHER METHODS

cont_aining the indices 3, 4 disappear (circled and gray terms inThe newly proposed procedure has been compared with the
the figure). Hence, the power of the degenerate FWM term 1 and CD methods. First note that the new technique allows

(or 221) falling on channel 0 (or 3) can be measured, and we g&t the determination of the FWM crosstalk for all channels
m = P2 @ by measuring only two isolated FWM terms. Instead, the other

PPy technigues need as many measures as the number of transmitted

Similarly, we would like to measure the second largest Coefﬁhannels. To complete the compar_ison, we define arelative error
cient7,. With channels 1, 2, and @~ and channel ®FF, all I the measure of FWM crosstalk in the chanfiddand as
FWM terms containing the index 3 in Fig. 1 (circled terms) dis- Prown — P]{” )

k ) — FWM 10)
appear. Itis clear that the FWM term of index 2 always appears € Py (

. . . FWM
together with another degenerate term, and no comblnatloanr%‘e

. . . re Psrww is the actual FWM power in the channel band
three or more active channels exists that allows a direct measure’ ', .
of the , term. and Prryyy is the measured FWM power. When the channel

However, we can easily get the efficiency termby mea- f is suppressed, the measured in-band FWM power in the CS

. method is BL s o = B P with 7, 4, andk not coincidin
FFWM CS ijk v Iy g
suring the nondegenerate FV\Q/I term 241 on channel 5 as with f. If we detune the channdg], the true FWM efficiency
241

_ ) 8) of the terms generated by itself changesg/tdaherefore the mea-
4P, Py Py sured in-band FWM power in the CD methodiiy\; cp =

Oncern; andns have been measured, we can use (6) withl P%WM cs + 2Pk (n) with 4 or j or k coinciding with f. The

andj = 3 to compute all remaining efficiency coefficients. Iferror introduced by the TC method is due to the dispersion slope,

n3
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Fig. 6. FWM crosstalk for all channels of a four-channel system. a) (9) with
o T ™ TC method; b) (9) with measured fiber data.
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i ) ) ) ) fiber span parameters were chromatic dispersion=
Fig. 4. Relative erroe obtained with three different methods for the central

i i — —20 2
WDM channelversusthenumberofWDMchannelsinthecaseofNZDSFfibe_r.2'1pS/nm' km, nonlinear coefficient=3.1 - 10 m-,
attenuation = 0.24dB/km, length = 100.259km, and

effective area= 55 - 10~12 m2. With channels 3 and 4FF,

3

""so-i — TC we determined the efficiency;, and then with only channel

gw_ s e CS 3 OFF we determinedns, and thus the FWM crosstalk for

g -+ CD each channel, as per (9). Finally, we compared the TC results

5 with the FWM crosstalk values obtained from (9) when the

5 o ST SPAE S BAE A BEAE T RALE AAY RSAR S BALE efficiency is calculated from the measured fiber data. Fig. 6

§m, shows the comparison. A good correspondence between the

= o two calculations is obtained. The small discrepancies are

mostly attributed to the limited accuracy in the measurement

o of fiber parameters, while clearly the TC method avoids the

o e s o v o - ] A v X
0 M 4 € 80 100 120 140 160 180 20 20 24 260 W : _
: charnel number complexity of such measurements, and requires only two power

measurements.
Fig. 5. Relative erroe obtained with three different methods for the central

comb channel versus the number of WDM channels in the case of SMF fiber.

which may reduce the accuracy of (3), depending on the vicinity V. CONCLUSION
of the ZDW to the WDM comb. The measured FWM power in

H H _ L. /! 1/ oy
t;:/';ﬁifgd'sb%(ngiﬁi;] i];“ %(i?fe)r'f\;\cl)hrﬁrtine ;sé;[Saeleefff;icClieency has been presented. With special input two- and three-channel
Yy o), y ey %qnfigurations, all the in-band FWM power contributions can

Figs. 4 and 5 show the relative error versus the number B8 easily estimated by measuring the bower of only two EWM
WDM channels when measuring the FWM terms of the cen- y y 9 b y

. . terms. A comparison with other known techniques shows the
tral comb channel ak., for a chromatic dispersion at. equal hiaher precision of the present method
to 2 ps/(nm- km) (NZDSF) and 17 ps/(nm km) [standard gherp P '
single mode fiber (SMF)], respectively. The slope whs=
0.04 ps/nm? - km, the channel spacing 0.4 nm, and the WDM
comb is symmetrically arranged around. The detuning in ACKNOWLEDGMENT
the CD method equals half the channel spacing. As seen, th
proposed TC method allows for the measurement of the FWI\{ICations for heloful technical support
crosstalk with a significantly better accuracy in both cases. THe P PporL.
relative error which results is nearly independent on the chro-
matic dispersion value &t. and smaller than 2% for all chan-

A novel method for FWM crosstalk measurement in DWDM
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