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Error Statistics of 64-QAM Signal in AM/64-QAM
Hybrid Optical Transmission
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Abstract—This paper describes the performance of an error cor-  carrier-to-noise ratio (CNR) for the AM signals. Thus, clip-
rection system based on the DAVIC specifications. It also presents ping is an inevitable phenomenon, and since the BER degra-
an error statistics property and its analytical model for the im- dation due to impulse noise is assumed in advance, the required

pulse noise induced by clipping in amplitude modulation (AM)/64 . .
quadrature amplitude modulation (QAM) hybrid optical trans- ~ BER should be obtained by only using the proper error correc-

mission (hybrid transmission). We found in hybrid transmission tion in HFC systems. In the DAVIC specification [3], on the
that the errors cannot be completely corrected by the error correc- other hand, an error correction for digital modulation signals in

tion of DAVIC after bit error rate (BER) measurement with error  CATV systems is provided. The recommended error correction
correction, and then the error statistics of the 64-QAM channel of DAVIC for 64-QAM signal transmission employs the (204

were evaluated. It was confirmed that errors occasionally occur 188) Reed—Sol d d uti | interleavi ith
in long bursts that exceed an interleaver block length of the error ) Reed-Solomon code and convolutional interleaving wi

correction when the impulse noise degrades the 64-QAM signal’s @ depth of 12. This seems to be a powerful enough error cor-
BER. We believe that the error burst is caused by the slowed fluc- rection, but we believe that more careful discussion is neces-

tuation of the envelope of a frequency division multiplex (FDM)  sary to select the best error correction in CATV systems with
signal in hybrid transmission. Once a portion of the envelope am- HFC because the errors caused by impulse noise show a dis-

plitude reaches the clipping level, the duration of maintaining such .. . . - . . .
a condition is much longer than the 64-QAM symbol time. Ac- tinct burst-like behavior [4]. Previous studies discussed density

cordingly, the errors occasionally run for more than 100 symbols. Of the clipping occurrence and averaged clipped duration of the
We apply Rice's fading duration distribution model to explain this  FDM signal [5]-[7]. These results, however, do not give a clear

error burst occurrence mechanism and its statistical manner and explanation of the error burst that would be caused by the series
discuss this model’s validity by comparison between the theoretical of clipping occurrences. Furthermore, the performance of the

and measurement data of error statistics property. Consequently, . . .
we found that the theoretical value by the proposed model is in ex- DAVIC recommended error correction under the impulse noise

cellent agreement with the measurement data and confirmed that condition had been reported [7], [8], and the effect of an inter-
the proposed model is valid for analyzing the error manner for the leaver depth on errors in the hybrid systems had been discussed

clipping induced error. [9]. Such discussions have suggested that we need to consider
Index Terms—Cable television (CATV), error analysis, impulse these burst errors for designing error correction to realize high
noise, quadrature amplitude modulation (QAM), subcarrier mul-  quality transmission for digital signals in the HFC systems. Pre-
tiplexing (SCM). vious papers suggested that the DAVIC recommended error cor-
rection is not always effective for errors induced by clipping.
l. INTRODUCTION The remainder of this paper is organized as follows. Section I
L . .. resents an error occurrence mechanism and an error statistics
T is widely recognized that future cable television (CAT\,/&odel of the 64-QAM signal in hybrid transmission. Section III
1 systems will require additional channel capacity for diggegcripes measurement results of error correction performance
'tf”ll video transmission {0 Incorporate new services such 83 the error occurrence manner of impulse noise. In Section 1V,
vm!eo-on-demand._A hybrid _flber _and coaX|a_I (HFC) sys’_[er\pve compare the analysis results by the proposed model and mea-
using an analog/digital hybrid optical transmission technique, e ment results and demonstrate the validity of the proposed
(hybrid transmission) is expected to satisfy such requirements, e for evaluating and estimating statistics properties of er-

However, in hybrid transmission, the quadrature amplituqg,q in hybrid transmission. Section V states our conclusions.
modulation (QAM) signal’s bit error rate (BER) is degraded by

an impulse noise due to clipping in a laser diode; furthermore,

the BER exhibits a “floor-like” manner even if hybrid transmis-

sion achieves high-quality amplitude modulation (AM) vided\. Error Occurrence Mechanism Due to Clipping

signal transmission [1], [2]. Let the frequency division multiplex (FDM) signal of AM
In hybrid transmission, the AM signal’s optical modulatiortarriers(z[t]), which mainly causes the clipping in hybrid trans-

index (OMI) should be set as large as possible without the digission, be

tortion levels exceeding the required value to achieve the best

Il. STATISTICS OF ERROR OCCURRENCE
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N number of AM channels; 21
fi carrier frequencies of the AM signals;
@; initial phases of these carriers. 1.5f

In hybrid transmission, the frequency of each carrier is allocated
at fixed spacing {; = 6 MHz) but with frequency offsete;)

due to setting error and phase nofggt]) caused by stabilities

of the oscillators. Therefore, assuming the lowest carrier fre-  °-
quency offy,2[t] is given as

N
a[t] =Y mcos[2n(fo + fali — 1) + &)t + &t + @il

i=1
)

and considering an envelopex«]t], the form of the envelope is
given as

x cos [2m{ fa(i ——j) —T— (ei —ej)lt 0.
+ &G =& +(wi—e)] G#5)  )

As seen in (3), the form of the envelopR[t]) is mainly de-
termined by frequency spacing and the phases of AM carriers
If we could neglect the effect of the frequency offset and the
phase noise, the envelope would be determined by frequency (b)
spacing(f) and the initial phasegy;). Then a set of relation-
ships among the phases of each carrier would not be change
and the waveform of the FDM signal would also be fixed with
a certain periodicy. Fig. 1 illustrates the waveform of the FDM
signal of 60 carriers of 4%/channel OMI with random phase and W/
40 and 60 agreed carriers’ phases. As shown in Fig. 1, wher
the phases are random, the amplitude is randomly changed, bt 5
we cannot find an extremely large amplitude that exceeds the
clipping level. On the other hand, with increasing number of . . -
agreed phases, the fragment of the amplitude exceeds the clif -
ping level, the other portion has small levels, and the amplitude -o0.5" t
in the time domain clearly shows an amplitude peak with a pe- Ts = Ufy = 167(ns)
riod of T; = 167 ns (1/6 MHz), which is equivalent to the
channel spacing as seen in (3). ©

In an actual system, however, the relationship among tRig. 1. Waveforms of FDM signal.
phases of each carrier gradually varies depending on each
carrier's frequency offset and its stabilities. Then some of theseThis gives the property of fluctuation of the peak level's en-
phases occasionally coincide with each other, the envelopgope. As seen in (4), the bandwidth of the peak level's enve-
form also changes, and all cases in Fig. 1 can be observisghe depends on the offset-frequencies and the frequency sta-
The probability appearing in the waveforms in Fig. 1 (b) ankbilities. In actual application, the offset frequencies are much
(c) is extremely low, but once the relationships of phases fédirger than the frequency stabilities when taking into account
into such conditions, they stay in them much longer than tilee specifications of CATV systems; therefore, the offset fre-
64-QAM symbol time, and the errors occur in bursts. If wguencies strongly dominate the bandwidth. Furthermore, a set
consider the envelope of (3) to evaluate the property of tloétwo different offset frequencies determines the bandwidth as

-0.5

envelope of bottom levels of each T

[
1

(%))
T

-

clipping, it will be given as seen in (4), so the bandwidth of a composite second-order dis-
NN NN tortion (CSO), composed from sets of two carrier frequencies,
N NP becomes a good reference for estimating the bandwidth. This
Aft] = —m* + —m - ; o : '
g 4 4 Z Z Z Z will be discussed again in Section IV.

i=1 j=1 k=1 I=1
X cos[27(e; —ej + e — )t

+ (&l = &+ &l - &l The error occurrence due to impulse noise behaves according
+ (pi — @5+ o1 — )] to the abovementioned mechanism. We employ a probability
(i£4,k#1). (4 thatitappears more than error bytes in a block of the error

B. Model of Error Occurrence
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Fig. 2. Test setup for error statistics measurement.

correction code, which may be denotediyr..| or the formula derived from an equation that reverses the order of integration
of error statistics for impulse noise. At first, considering the anir (86); therefore, the results will be the same, and (5) also gives
plitude distribution of the envelope of the FDM signal in hybridhe probability that the envelope is stays above a level for more
transmission to obtaih;[n.], itis well known that the amplitude than+ secondsr is given as follows by using..:

distribution of the FDM signalz[t]) is Gaussian. Accordingly,

we can easily conclude that its enveldiit]) will be Rayleigh T = nety 9)
distributions [5], [6]. The clipping occurs when the minimum ) _

level in lower side envelope of the FDM signal stays below th&heret, is a time length of the byte.

threshold level of the laser diode shown in Fig. 1. Here, we as-£i[u] will roughly stand forF[n.]. Substituter for (9),

sume that the envelope of peak levels of the FDM signal in each .

T, (A[t]) will also be Rayleigh distributions. The discussion of Li[n.] = exp<— n“’) (10)

the duration of the clipping is the same as that for duration of t

the level ofA[¢] remaining aboveR. This will be obtained by

using the analogy of the distribution of fading duration given in

the classic paper by Rice [10]. In hybrid transmission, the OMI

is the normalized carrier level, and the clipped levekis= 1, A. Test Setup
which is much larger than the averaged level of the FDM signal. Fig. 2 shows the test setup for error occurrence measurement.
Then, the probability that the envelope will remain above 1 f@ixty AM carriers are allocated from 91.25 to 445.25 MHz with
more tharr seconds can be denoted Byu|, which is given by 6 MHz spacing, and the 64-QAM signal at 475 MHz is multi-

Ill. M EASUREMENT RESULTS

[8, eq. (22)] plexed. This FDM signal is converted to an intensity modulated
optical signal at an E/O that employs a L& distributed feed-

Fi[u] = exp[—] (5)  back laser diode (DFB-LD). An optical variable attenuator is

u = %_ (6) used for setting received optical power. In an O/E, a p-i-n pho-

todiode (PD) is employed to convert the optical signal back to an
7 is the averaged duration that the envelope of the FDM sigrifctrical signal. The 64-QAM signal is selected and down-con-
remains at the clipping level and is given by verted to an IF signal of 57.0 MHz at a tuner, and the IF signal
is demodulated to serial pseudonoise (PN) data of 31.6 Mb/s.
H (7) This PN data is put into the BER tester. The BER tester puts
2mo out error pulses that mark error bits with clock to the error byte
measurement board. The error byte measurement board counts
the number of error bytgs:. ) in each error correction block of
204 bytes that coincides with the block length of the error cor-
N rection in DAVIC and outputs the count results to the logic ana-
p=myl (8) lyzer, which can store them for 16 000 blocks. The count results
are sent to the computer through a general purpose interface
In [8], (5) gives the probability that the envelope stays belotwus (GPIB) interface. This operation was performed over sev-
a level for more than seconds and is obtained from [8, egeral times, and then the computer counted the number of blocks
(86)]. The probability that the envelope stays above a level(s,) for eachn. in more than a million count results.

t=

whereos is a half bandwidth ofA[¢]. .« is a normalized averaged
amplitude of the FDM signal and is given by
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B. Measurement Results , & 10 pery
50 i S e,
Here we give the results of measuring the number of blocks © & : ‘I‘_.
. o) r i
(n.) that each have the error byte coynt ) mentioned above 5 \,\__ ‘l"‘
for hybrid transmission, where the AM carriers have per channel i < : oy .'l.‘ 3
OMI’s (m) of 4.0% and 4.5% and the BER of the 64-QAM sig- g < i \N, "u
nals at measurement is about #0Fig. 3 shows measurement = g - “c\,{’\. .
results of the relationship between the number of blocks andthe £ 10° ¢ . :
number of error bytes. As seen in Fig. 3, the blocks having large 2 ; \
n. appear in considerably large numbers, even if BER reaches & 4
the 107% level. In this measurement, clipping occurred, and im- < ;
. 2 3 ) PSP SRR SRR SRR S B
pulse noise surely degrades the BER, taking into account the 0 0 40 60 a0 1o 1
amplitude of each carrier and the channel number. Thus, these
features indicate that the errors due to impulse noise strongly Number of error bytesin block (75

show burst behaviors. The error correction cannot completely

correct the error bytes if more than 96 error bytes appear in thig. 5.  Numbers of the blocks of more than(n;) vs. the error byte count
block because such a large number of error bytes exceeds thé'ef.for n. > 15 Calculating by using data in the Fig. 3f > 15.

fective interleaver block length. Blocks having such error byte

counts appear at a considerably high rate. Consequently, errBsare due to errors caused by impulse noise; this is because the
due to impulse noise cannot be completely corrected by usiingpulse noise determines the burst manner of the error occur-
the error correction and remain in the error correction output, gshce. Finally, region B, having error counts from 5 to 15, is
shown in Fig. 4. influenced by both factors.

The errors in hybrid transmission occur due to two indepen- This paper is only concerned with the influences of impulse
dent factors: one is Gaussian noise mainly due to the thermailse on error statistics, so we did not pursue the manners of the
noise at a preamplifier in the O/E and shot noise at the lad#ock numbergn,) wheren. < 15. Instead, we calculated the
diode in the E/O, and the other is the clipping induced impulselationship between the number of blocks having more than
noise. Therefore, we believe that error occurrence can be diror bytegn, ) and the number of error bytes by using data in
vided into three regions. The errors due to Gaussian noise &ig. 3 forn. > 15. The results of these calculations are shown in
random, and the blocks having of less than five are mainly Fig. 5, which shows that the, values forn, > 15 were plotted
caused by Gaussian noise (region A in Fig. 3). These erram@mpletely on straight lines. We believe this can be explained
occur randomly, so the, rapidly decreases with increasing. by using the error occurrence model described in Section II, and
Inregion C, on the other hand, the blocks havin@f more than this result is discussed in the following section.
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Fig. 6. Spectrum of CSO of 12 MHz setting to high-resolution bandwidth.

IV. ANALYSIS AND DISCUSSION as described above. Therefosewill be about 12.0 kHz in this

A. Estimation of: A Bandwidth ofA[¢] case.

Let us estimate (a bandwidth ofd[¢]) before discussing the
error statistics because it is a key parameter for determining
error statisticss is mainly obtained from the combination ofthe We calculated the statistics of error occurrefigdn.]) due
frequency setting errors of four carriers, as shown in (4). Howe clipping by using the data shown in Fig. 5. The number of
ever, it is difficult to measure the frequency setting errors of dllocks for alln. needs to be used in this calculation, but the
carriers from the matrix generator, so for estimatinge use a number of blocks where. < 15 in Fig. 5 cannot be employed
composite second-order distortion (CSO) from the matrix gebecause they are not pure errors due to clipping. For calculating
erator, that is, carrier mixing with second-order intermodulatiaf;[».], we used an estimated numbers of blockssfpr< 15
distortion (IM2) of distortion products of the forify— f;. Fig. 6 by assuming that they are completely on the lines in Fig. 5. The
shows that the CSO consists of tones that indicate the spectreaftulated results are shown in Fig. 7, wheriedicatesF;[n.]
of CSO at a frequency of 12 MHz measured at high resolutidor 1 of 4.0%. andll that for 4.5%. On the other hand, we as-
on a spectrum analyzer. This CSO is carrier mixing with IM2 acfumed thaf’;[n.] is theoretically given by (10) as described in
the form|f; — f;| = 12 MHz; consequently, the spreading ofSection Il. Therefore, the theoretical value calculated by using
the tones’ frequencies is given by the frequency setting errqd®) with the value ot (12.0 kHz) described above is superim-
of sets of two carrier frequencigs; — ¢;). On the other hand, posed in Fig. 7 with a solid line for. of 4.0% and a dashed line
as the bandwidth af\[¢] is obtained frome; — ¢; + e, — ¢;, o for m of 4.5%.
can be roughly estimated by using the tone frequency spreadind\s shown in Fig. 7, the results of the measurement give good
of the CSO. The tone frequency spreading is about 6.0 kHz Bgreement with the values that were obtained by theoretical cal-
referring to the CSO spectrum of Fig. 6.will be twice this culation with (10). This indicates that the assumed burst error
frequency because it is the summation of two frequency errascurrence mechanism and its analysis model, which applies

%‘e Statistics of Error Occurrence
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negative impact on link performance. If we design link param-
eters and an error correction method in accordance with these
results, the setting window of link parameters would be consid-
erably shrunk and the error correction method would be drasti-
cally changed. In practical CATV systems, however, each AM
carrier is modulated by the video signal, so the spectrum of the
signal is broader than that of the carrier. In our paper clipping
duration could be estimated by using a bandwidth of CSO that is
composed from sets of two carrier frequencies. When assuming
modulation signals, their spectra are widened compared with the
carrier and the bandwidth CSO by these signals is much wider
than that by the carriers. Consequently, the series of clipping
will be much shorter and randomized in a practical system. For
such errors, performance of error correction will be more ef-

per carrier OMI of AM channel
10° | measurement results
[ [ 4.0%/ch.
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fective, and this will have a good impact on link performance.
Therefore, we will continue to carefully study and clarify the
error occurrence statistics to determine the optimum link pa-

rameters in practical hybrid transmission.

Number of error bytes in block (1)

(1]

Fig. 7. Error occurrence statistics of errors due to impulse noise.

Rice’s fading duration distribution model, is suitable for a model 2l
of error occurrence due to clipping. The error burst duration for
the clipping error depends on the value of the total root-mean-
square (rms) OM( ) of hybrid transmission. We experimen-
tally confirmed this error burst property in hybrid transmission [4]
through BER measurements. We can verify it with not only the
error burst measurement results, but also the theoretical calcula[gl
tions in this study. The error burst duration also depends on the
value ofo given by the frequency setting errors. The bandwidth
of each carrier of an actual system is much wider than that em!
ployed in this measurement because it is amplitude-modulated
and has an audio subcarrier with FM modulation. Consequently.
this will contribute to wideningr, and error durations will be 7
much shorter than for the carriers. Also, error correction will
work more effectively. We will evaluate the BER in actual sys- [8]
tems to verify this hypothesis.

(3]

(9]

V. CONCLUSION

(10]

In this paper, we have presented the performance of error cor-
rection of DAVIC and the statistics of error occurrence in hybrid
transmission. This error correction is ineffective for errors due
to impulse noise even if the BER reaches the“l@vel or lower
because errors occurring under impulse noise conditions show
a strong burst behavior that exceeds an effective interleavi
depth. We confirmed that this burst error can be explained
behaviors of the maximume-level fluctuation of the multiplexe:
carrier's envelope, and demonstrated that the fading durati
distribution model by Rice can be usefully applied to analy:z
the error occurrence properties through a comparison betwe

the analysis results and experimental data. These evaluation‘é

for errors of the experiment using the FDM signal with nonmo
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