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On the Validity of Using CW Tones to Test the
Linearity of Multichannel M-QAM Subcarrier
Multiplexed Lightwave Systems

Ming-Chia Wu, Pi-Yang Chiang, and Winston |. Weyenior Member, IEEE

Abstract—This paper investigates the validity of using multiple
continuous-wave (CW) tones as the signal source to test the lin-
earity of a multichannel M -ary quadrature-amplitude-modula-
tion (M-QAM) subcarrier multiplexed lightwave system. We con-
sider the following representative optical fiber system nonlineari-
ties: 1) laser clipping and 2) the combined effect of laser frequency
chirp and fiber dispersion. Our results show that if all orders of
nonlinear distortions (NLD’s) in a signal bandwidth are included
in the total NLD power, the error caused by replacing M-QAM sig-
nals with CW tones can be within measurement uncertainty.

Index Terms—AM-VSB, CATV, hybrid fiber coax, nonlinear
distortion, quadrature amplitude modulation (QAM).
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I. INTRODUCTION (a)

T IS believed that subcarrier multiplexed (SCM) lightwave . T T T
systems can be used to transport multichanhé&lary e :
guadrature amplitude modulation (M-QAM) signals to provide
broad-band digital services such as Internet access, digital
video, IP telephony, etc. [1], [2]. In the past, the linearity char-
acteristics of such systems were investigated by using multiple
continuous-wave (CW) tones [3]-[5], mainly because of the
practical difficulty in generating multiple distinct M-QAM
channels. However, the spectral distributions of nonlinear
distortions (NLD’s) caused by multiple CW tones and multiple
wide-band M-QAM signals are quite different. In the former
case, NLD’s consist of various distinct beats such as composite
second orders (CSQ'’s) and composite triple beats (CTB's). In
the latter case, NLD’s are spread over several channels and are ®)
like white noise. Fig. 1(a) and (b) illustrate the spectra of thgy 1. justrations of typical NLD's generated from: (a) CW tones and (b)
two cases. To our knowledge, there is no report discussing ttweM. Signal levels were normalized to 0 dB for comparison.
validity of using CW tones to replace the actual M-QAM sig-
nals. In this letter, we study this validity by performing spectral [I. ANALYSIS AND NUMERICAL SIMULATION

analysis, numerical simulation, and experimental verification. Spectral analysis [2] has been used to calculate the NLD's
\éVgMC?Oﬁte two reptresenttatl\:e do!ogc?l f|ber|'n0'nllnea(r;tlzest IHduced by a general nonlinear transfer function. This analyt-
b'lg dwz:fve 532?' ems ﬁ,s udy- ()j aser (Tllc%plng.an ,) rlgal technique is based on the assumption that the input signal to
combined eftect of laser chirping and optical fioer diSpersiony, e o njinear device can be approximated as a Gaussian random
process, and can be used to resolve all orders of NLD’s by de-
riving from the output power spectral density (PSD).
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Fig.2. Spectral analysis (solid and dotted lines) and numerical (solid and o 8 3. Analytical (solid lines) and numerical results (open and solid symbols)

fgrzgzoésr)gi_sggsw?fsli‘%g:f&gi‘nudslé%edNSu';lanzrs'bfsgzllg:gygglug?:gggg 2;3 % ignal to second-order nonlinear distortions ratio due to laser frequency
9 : 9 ping and fiber dispersion. Three different fiber lengths were considered.

i 0
for CW and QAM, respectively. RMS OMI/ck: 3.9% Solid lines are calculated results based on [6]. Solid and open symbols resulted
from 74-channel CW tones and 64-QAM, respectively.
channel, center frequency ofX6+3 MHz for 64-QAM’s, and
carrier frequency of 8 +1.25 MHz for CW tones.

The first case study is on laser clipping with an idéal/ In our experimental setup, we used 16 uncorrelated channels
curve. In this case, it is the higher order NLD's that domiof 64-QAM signals (in the frequency range 258-354 MHz)
nate [2]. Therefore, in calculating the total NLD power in &0m a vector arbitrary waveform synthesizer [2] and used
signal band, we have included all NLD’s up to the fifteentA6 channels of CW tones from a matrix generator. The mea-
order. Based on spectral analysis, the calculated results of usiied 64-QAM signals were ensured to have a back-to-back
74-channel CW tones or 64-QAM signals with rms OMI/cigignal-to-noise ratio of>40 dB. The total power of NLD'’s
= 3.9% are shown in Fig. 2. We can see that the resultat@ither noise-like or discrete tones) in a 6-MHz channel was

SNLD’s in using the two different modulating signals are thgeasured by using the band power measurement function of
same. an HP89440 vector signal analyzer. When a tone-like inter-

odulation product occurs at the edge of a 6-MHz band, e.g.,

I1l. EXPERIMENT

Numerical simulations were used to confirm the analytical r&l ¢ f& MH here Y | itive int "
sults. In Fig. 2, each simulation data point is an average resulfb2 requency o z (where X is a positive integer), its

1000 random phase combinations when using CW tones, orfgfyVer s included in the total NLD power of the signal band

average result of 150 random phase and symbol pattern confisitered at either’6+3 or 6X_3_ MHz, but not both. .
In the first part of our experiment, we compared the dif-

nations when using QAM signals. We can see in Fig. 2 that the

simulation results match very well with those of spectral ana{ﬁrence of str(_)ng laser clipping-induced NLD’s due to the
y P irect modulations of 16-channel CW tones and 16-channel

ysis, and the results of using either CW tones or QAM'’s diffe . .
by less than 0.5 dB. Note once again that in the case of C -QAM signals, respectively. OMI per channel ranged from
to 29% per channel. The measurement results in Fig. 4

tones, NLD’s up to fifteenth order have been included. ,
For the case of a directly modulated 1550-nm laser passi?l ow good qgreement between C\.N tones and 64-QAM’s and
ree well with the spectral analysis results. In the second part

through a span of conventional nondispersion-shifted fib et

NLD's (dominated by CSO's) generated from multichanneﬂ_f our experiment, we verify the difference of fiber disper-

CW tones or QAM signals can also be compared. The SOﬁbon-induced second-order nonlinear distortions when using
and open squares in Fig. 3 are the numerically calculat different types of modulating signals. Sixteen CW tones or
-QAM signals with the same total rms power were used to

SNLD caused by 74 channels of CW tones and 64-QA i dulat 1550 | The total f hi
signals, respectively. The directly modulated 1550-nm Ias%'lreC y modulate a - "aser. 1he lotal irequency chirp
der the modulation was 3.6 GHz. The measured results in

has a total frequency chirp parameter of 3.6 GHz, and t g . . :
transmission distances were 20, 40, and 80 km. Each data p 10 5 show that the difference of distortions for CW tones and

is an average result of 100 random phase combinations for rQAM’s can be Ies_s than 1 dB. Also, the calculated resul_ts
tones, and 100 random phase and symbol pattern combinati ﬁ§8d on the analysis given in [6] show good agreement with
for QAM. As shown in the figure, the results for CW tones opUr measurement.
QAM signals are essentially equal. The numerically calculated

results shown in Fig. 3 can be checked by using a closed-form

formula of CSO generated from CW tones [6] propagating in a An SRRC pulse shaping filter with a rolloff facter = 0.2
dispersive fiber. The solid line in Fig. 3 is based on that formuk the transmitter and a 6-MHz rectangular filter at the receiver
and matches well with the numerical simulation results. were used in all of our spectral analysis, numerical simulations,

IV. DISCUSSION
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Fig. 4. Measured SNLD results for laser clipping. Results for 16 channels%F
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CNR of >50 dB, while the former has low CNR of about 40
dB. Therefore, when CW tones are used as the signal source
to characterize system linearity, the measured SNLD must be
calibrated by adding the electrical noise contributions from the
M-QAM modulator to reflect what would really be measured in

a multichannel M-QAM system.

Although all experimental data in this paper were measured
by the band power measurement function of HP89440, it is ex-
pected that regular spectrum analyzers can also be used. How-
ever, it should be cautioned that regular spectrum analyzers per-
form video average on log scale, and there is difference between
log of average and average of log depending on the signal sta-
tistics [7]. For example, for Gaussian noise, there is a 2.51-dB
underresponse by using the video average function. Since the
atistics of the nonlinear distortions caused by CW tones and

CW tones (solid symbols) or 64-QAM’s (open symbols) ranging from 258 t¥-QAM'’s are quite different, the use of video average on a
354 MHz are shown. Solid lines are calculated results based on spectral analgp’ﬁactrum analyzer is not recommended.
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V. CONCLUSION

Through spectral analysis, numerical simulations, and experi-
ments, we found that the difference of resultant SNLD’s in using
multichannel CW tones and multichannel M-QAM signals is
negligible, provided the following conditions can be met. The
firstis that both types of signal sources (having the same number
of channels) have the same total rms OMI, channel bandwidth,
and frequency plan. The second is that all orders of nonlinear
distortions in a signal bandwidth must be included in the total
NLD power when CW tones are used in the measurement. Other
cautions, such as not using video average on spectrum analyzers,
not double counting the CW tones-induced NLD'’s at the band
edges, and not neglecting electrical noise contributions from

Fig.5. Measured results of SNLD due to fiber dispersion and Iaserchirpingfm-QAM modulators, should also be carefully taken into con-

both 16-channel CW tones (solid symbols) and 64-QAM (open symbols). So
lines are calculated results from [6]. Total laser frequency chirp is 3.6 GHz, a

the fiber dispersion is 17 ps/nm/km.

lﬁii']deration during the measurement.
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