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Abstract— In this paper, we investigate the ultimate A -ary 1
quadrature amplitude modulated (M-QAM) channel capacity /<
Coax
—<
/

of a laser diode which is limited by the laser clipping induced #z
nonlinear distortions. Our study includes a spectral analysis, a

complete system simulation, and an experiment which used up to A Fibers #Z

70 channels of vector arbitrary waveform synthesizer generated #Z
guadrature phase shift keyed (QPSK) or 16-QAM signals to #z
modulate an isolated/cooled distributed-feedback (DFB) laser and

two unisolated/uncooled Fabry—Perot (FP) lasers, respectively. >\i
Our analytical results show that for an upstream laser diode, over

1000 QPSK channels or 170 16-QAM channels can be delivered, @)

even in the presence of a high relative intensity noise (RIN) of
—115 dB/Hz. However, these high capacities are reduced signif-
icantly when we consider the effect of collision-based medium
access control (MAC) protocols. We found that, in the worst case
condition (collisions occur in all but one channels), the ultimate
QPSK channel capacity of an upstream laser diode is dramati-
cally reduced from over 1000 to 125 for eight collisions/channel.

These results have important implications to systems transporting Fiber Up-
frequency-stacked return-path bands with or without collision- converter
based MAC channels. As regard to the ultimate capacity of a (ﬁ) #Z
down-stream laser diode with a RIN level of—135 dB/Hz, we

Up-

found that as high as 600 and 128 channels of 64-QAM and 256-
QAM signals (equivalent to 3600 and 1152 channels of MPEG-II
live video signals) can be transported, respectively.

converter

Up-
converter

Index Terms—Cable TV, clipping, hybrid fiber/coax, laser
diode, M-QAM, nonlinear distortion.

A

I. INTRODUCTION

UTURE hybrid-fiber coax (HFC) systems for bidirec- (b)
tional communications would require high channel ca&ig. 1. (a) UsingV upstream lasers an¥ fibers to carryN' return-path
pacities in both upstream and downstream optical fiber linkgnd signals. (b) Using a single laser and a single fiber to carjre-
However, the capacity of a directly modulated laser diode cl‘éjency'StaCked return-path bands.
always limited by laser clipping. Consequently, the channel
capacity and clipping-induced nonlinear distortions (NLD’s) "@each between 5 te40 MHz), we can savéV —1 laser diodes
a downstreamaser which transports multichannel AM-VSB, - _ 1 optical fibers. Furthermore, the channel capacity
video signals have been extensively studied [1]-[6]. The dorgz 4, nstream laser may be decreased due to the collision-
inant traffic load on arupstreamlaser, on the other hand, 564 medium access control (MAC) protocols which Internet
would beA/-QAM modulation-based Internet access, video 0f esq and video on demand will use [7]. With the motivations
demand, cable telephony, etc., [7]. These intense multimedia \ioned above, the main goal of this paper is to study the
trafﬁ_c n comblr_lanon W'th freque_ncy stacking t_echmque [8litimate channel capacity of an upstream laser diode, although
can impose a high capacity requwe_ment on a sm_glt_a UPSIregiA same analytical and simulation techniques are also applied
laser [9], [10]. The frequency stacking technique is |IIustratetg downstream laser diodes which carry multichareQAM
in Fig. 1. By frequency multiplexingV return-path spectra signals.
We shall approach the problem by using a spectral analysis,
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Fig. 2. (a) Laser diode under weak clipping, (b) laser diode under strong clipping, and (c) normalized nonlinear transfer function of a linezddaser di

output power spectral density (PSD) [2], [5], [12]. Note thatormalized autocorrelation functigrn(r) as [11], [12]

we shall concentrate on the case stfong laser clipping as 1 22 4 22

opposed toveaklaser clipping because the SNR requirement flz1,20) = 57 P {— 12 5 2}

on M-QAM signals is much lower than that on AM—VSB " g

signals. Fig. 2(a) and (b) illustrates the basic concept of 3 P (1) Hn(ﬂ) Hn(@) )
strong clipping and weak clipping, respectively. The computer — n! o

simulations, which are based on an ideal L-I transfer function
and an ideal/-QAM modem with pulse shaping filters (withwherez1 = z(t1), x2 = z(t2), 7 = t2 —t;, ando? is
a perfect carrier recovery and a synchronized timing recover§})€ variance of the Gaussian proceBs(7) = o?- p(7) is the
are presented in Section Ill. In our experiments, presenteddftocorrelation function of the input signa,(z) is thenth
Section 1V, up to 70 channels df/-QAM signals were used order Hermite function which is defined as

to modulate various types of laser diodes (cooled/uncooled, Holz) = (—1)"eé dr e_é @)
isolated/unisolated Fabry—Perot (FP) and DFB), and the results s dxm )

were used to verify the analytical and simulation results. assume the transfer function of the lightwave transmission
Ultimate upstream channel capacity estimation was giveQstem isy — ¢(x), the output autocorrelation function is
based on 1 Ms/s per channel. Section V covers the effectsffen, by

collision-based MAC protocols on the reduction of channél
capacity, and the ultimaté/-QAM channel capacity of a £y(t1,t2) = E[y(t1)y(t2)]

downstream laser diode (based on 5 Ms/s/channel). Section VI [
concludes the paper. =/ ] f(x1,22) g(z1) g(w2) dxy dxa. (3)
By substituting (1) into (3), we obtain
Il. ANALYSIS
, . . : =1 2?2 + 23

If the number of channels in a subcarrier multiplexed light®,(t1,t2) = 97 exp | — 5,2
wave transmission system is large and all the channels have T i 7
nearly equal root-mean-square (rms) power, the multiplexed Z p" (1) H (ﬂ) H (g) glz1)
signal can be approximated as a Gaussian random process. = n! "\ o "\ o !
In the case of upstream links, equal power channels can be . glx2) day dis
achieved by sending control information from headend to the ~ - 5
automatic gain control circuit in each subscriber's modem, - Z P ('T) [ 1 / g(o) % H,(z) da:}
although Section V shows that the analysis can also be applied — V2T J oo
to estimate the dynamic range of unequal input signal powers < o (r)
under the worst condition. The second-order density of a zero- = Z " b,% 4)

mean Gaussian process can be expanded as a power series of n=
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Fig. 3. Calculated spectral distribution of clipping-induced second, third, nineth-order NLD’s. Thirty-six channels af/-QAM channels with RRC
filtering are used. (ay = 0.4 and (b)px = 0.8.

where b,, is defined as as
R 2 -1 erfc(%) + Fe = n=0
by = —— ~% H,(z)dx, >0. (5 b, =<2 —L = 6
[ e H@a, nzo @ pere(—g) n=1©
#Hn_g(—;)e 202 n>2

For a laser diode with normalized L-I transfer functigfx) wherey is the total rms optical modulation index (OMIN
shown in Fig. 2(c)g = 1 = v/N -m, andb,, can be evaluated is the number of channels, andis the rms OMI per channel.
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Note that the rms OMI is used here instead of peak ONthore convolutional averages. 2) The highest frequency of the
because the peak amplitude of &+QAM signal varies not nth order nonlinearity isn-fold of the maximum frequency
only with M, but also with the characteristics of the puls¢50 MHz) of the input spectrum. 3) The left-most channel
shaping filter. (channel#1) always has the highest total NLD power. 4) Lower
The output power spectral density (PSB)(f) is the order NLD power is not always higher than that of higher
Fourier transform of the autocorrelation functié (r) orders. For example, whem = 0.4, the fourth NLD power
o0 is greater than that of the second order. The same fact can
Sy(f) =/ Ry(r) e ¥ 47 dr be observed fopx = 0.8 where the sixth NLD power is
—o0 greater than that of the fourth order. This phenomenon can be
A Rt —jonfr explained as follows.
/ pi(r) em T dr The signal-to-nonlinear distorti i *
gnal-to-nonlinear distortions ratio (SNLD) of tht&

I
NE
%

n!

";0 ) - channel centered at frequengy and with a bandwidth & f
— Z by (p(n)(f) (7) can be obtained from dividing the integrated signal PSD

= n! (b3o(1)(f)) by the total integrated NLD PSD [from (7)]
wherepM () = [°°_p(t) e=927/tdt is the normalized input SNLD, — b} ijff \H(AI? oD (f) df 1)
PSD, and PR e s

1 1 1 > S RIS HPee ) df

e =YV @ ® oM(f) n=
M where H(f) is the transfer function of the receiver filter.

The signal to a specifieith order NLD ratio for theith
is the n — 1 times self-convolution of¢™(f)(n > 2). channel, SNLDY, can be easily resolved from (11). The
Note that the first termb3(?)(f) in the summation of (7) calculatedSNLDY (n = 2, 3,--, 9) with a RRC receiver
represents dc component in the spectrum. The second tejifar (« = 0.2), are plotted in Fig. 4. Fig. 4 shows that
(n = 1)bieM(f) is the signal component in the OUtpUSNLD in channel#1 (the worst case channel) varies with
spectrum with attenuation 20g(b;) dB compared to the input for different orders of NLD’s andV = 36. Note that there are
signal. The rest of termsn(> 2) represent the second tospikes in eactSNLD2' which represent singularities caused
higher order nonlinear distortion powers due to the ideal Ly p,, = 0 (n=2,3,---,9) for certain values of: . It can be
curve. Suppose we use root raised-cosine (RRC) filter as #isserved from Fig. 4 that the second and third NLD’s are not
pulse shaping filter, the PSD of a baseband QAM signal afi@sminant terms fop. < 0.45. In fact, as; decreases toward
filtering can be expressed as (8) shown at the bottom of thero, the order of the dominant NLD increases.
page wherd” is the symbol period and is the roll-off factor ~ Based on (11), we can also show that as long as the electrical
of the filter. In anN-channel//-QAM system, the overall driving power to a laser diode is kept constant, i.e., by keeping

input PSD is given by

N

Se(f) =D [S(f = £i) + S(F + £2)]

=1

(9)

4+ constant, the resultant SNLD changes little with the number

of loading channelgv (for NV greater than about ten) as shown

in Fig. 5. This phenomenon was previously pointed out in [13].
We would like to compare our analytical results with the

where f; is the center frequency of th&h channel andV odified Salef's formula [14] given a25 follows:
denotes the number of channels, and the normalized input 1 jm 146p° 1

H — — L= 12
PSD is CNLD T v/ 5 0 ez (12)

<p(1)(f) _ S.(f) (10) First of all, we note that the in-band correction factoin
ffooo S.(Hdf (12) is dependent op and the number of loading channéis
instead of being a constant. Discussions on this dependence
By using (6)—(10) and let the input spectrum consist of 3¢sing the asymptotic approach was given previously [4], but
channels from 5 to 50 MHz with a channel spaciagl.25 that approach is only applicable to smal(< 0.25). Here we

MHz, a symbol rate= 1 Ms/s, andr = 0.2, we can obtain the provide an accurate calculation pf and N-dependent” by
calculated clipped spectra for rms OMI = 0.4 and 0.8 as ysing

shown in Fig. 3(a) and (b), respectively. Several interesting

phenomena can be observed. 1) There are wiggles in the > %2, f)ﬂ:’ oM (f) df
second and third order nonlinear distortion spectra, owing = ";2 (13)
to the fact that there are filtered notches among input QAM S bn_z' fooo oM (f) df
channels. As for higher orders, the wiggles disappear due to n=2
1, /T < 5(1-a)
S(f) = {%[1 +eos (F(fT - 31 —a))], 3(1—a)<|fT|<3(1+a) (8)
0, |fT] > $(1+ )
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Fig. 4. SNLD of channel#1 (due to various order of NLD’s) as a functionuofor N = 36.
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Fig. 5. SNLD as a function ofV with various values of:. Fig. 6. T as a function of with various values ofV.

whereb, is a function ofy, ©™(f) is a function of N, fo  channel, i.e., channel#1 (shown by solid circles in Fig. 7) and
and f, are the minimum and maximum frequencies of thiyr channel#36 (shown by open circles in Fig. 7). We can see
input signal, respectively. Fig. 6 showsas a function ofV  that the SNLD’s obtained from (12) with calibratdd fall
and p. It can be seen that the value Bfcan be as low as right between those of channel#1 and channel#36 by using
0.27, or as high as 0.64, depending on the values/adnd our analysis. This is a very reasonable match because (12)
p. We note that as the number of channels increases, higbensiders the average SNLD among all channels (17).
fraction of NLD will fall into the composite signal band; and Next, we assume a more realistic input spectrum which
I" increases faster for lower than for highery. is composed of 36 channels of root-raised cosine filtered
Now we can plug this accurately calculatédinto (12) A7-QAM signals. By using (11) we can obtain results for
and obtain the results (shown by the solid line in Fig. Dhannel#1 (shown by the open squares in Fig. 7) and for
of SNLD for all channels as a function gf (¥ = 36). channel#36 (shown by solid squares in Fig. 7). It can be
Since (12) assumes that the input spectrum is flat betwesliserved that the calibrated Saleh’s results happen to match
fo and f,, we can also use our analytical approach [seeell with the SNLD of channel#1, but differ from those of
(11)] by assuming a flat input signal spectrum to obtain athannel#36 by as much as 2.7 dB.
SNLD(u) without receiver filtering, mainly for the purpose Another interesting phenomenon which can be observed
of comparison. SNLD{)'s were calculated for the worst casdrom Fig. 7 is that even whep is as high as 0.8, it is still
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Fig. 7. SNLD as a function of: for N = 36. Squares and circles are obtained from 36 RRC filtered QAM input signals and an input signal with a flat
spectrum, respectively. The solid line is calculated from the modified Saleh’s formula with califitated

possible to maintain an SNLPB 16 dB. Therefore, we should through 1/Q RRC filters ¢ = 0.2). We assume ideal carrier

be able to obtain error-free transmission for upstream QP3IKd clock recovery so that each symbol can be sampled
signals provided the NLD’s can be treated as Gaussian no@ethe optimum point. The received average signal-to-noise
(so that we have SNR- 16 dB). This fact was confirmed inratio (SNR) can be computed by comparing the sampled

our experiment, which will be described in Section V. constellation to the ideal constellation. This can be done by
observing that the average power of the QAM signal is given
||| S|MULAT|ON by (See F|g 9 fOI’ illustl’ation)
The simulation system block diagram is shown in Fig. 8. P = 2 (M = 1) J2 (14)

For each of the QPSK or 16-QAM channels, 1000 1-Ms/s

random baseband pulse-amplitude-modulation (PAM) symb@ifere is half of the minimum constellation distance. There-

with M levels were generated where equals 4 and 16 fgre, the channel SNR is given by

for QPSK and 16-QAM, respectively. After the constellation

mapping, the symbols were split into | and Q channels. The | SNR = Fav

and Q data were then band-limited by RRC filtesis=£ 0.2). <e?>

Note that an inverse sinc equalizer was cascaded before eablerec is the error magnitude. The simulation results will be

RRC filter to equalize the spectrum of the NRZ pulses. Th@esented together with the experimental results in the next

filtered baseband waveform were then quadrature modulatsttion.

(with a random carrier phase) to the center frequency of a

particular channel. In addition, a delay (varying between 0 to IV. EXPERIMENT

T for different channels) was added to simulate random clock

phase of each channel, whereis the symbol period. Ten to

70 such channels were generated and then summed together. ) ) :

The band-edge of the first channel was at 5 MHz, and t Qd 2) a system experiment by using various types of laser

channel spacing was 1.25 MHz. The sampling frequency Pdes

the baseband signal was 125 MHz, but was increased to at ) ) )

least ten fold of the right edge of the multiplexed signal (i~ Generation of Multichannel M-QAM Signals

order to accommodate up to the fifth-order distortions) after As shown in Fig. 10, we converted the digital data from

up-converting each QAM signal to its center frequency.  computer simulation into real RF signals by a vector ar-
The combined up-converted signals were then clipped bitrary waveform synthesizer (VAWS), which consists of a

a normalized ideal L-I curve as shown in Fig. 2(c). At theector modulator and two 125 MHz, 12-bit digital-to-analog

receiver, each QAM signal was first demodulated by quadreenverters (DAC'’s) [10], [15], [16]. The bandwidth of the

ture down-converting the channel to baseband, and then padsedpass filter after each DAC is 50 MHz. The underlying

(15)

We shall describe our experiment in terms of two parts: 1) a
tlﬂ%Yd technique for generating multichanddtQAM signals,
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Fig. 8. Computer simulation block diagram
Q first channel starts at 5 MHz, and the last channel ends at
I L 5+1.25 x 70 = 92.5 MHz.
.7 To simulate burstyd-QAM channel, the burst time slots

.

L S
f o
.

set by the computer program are such that the burst length and
the guard time of each channel were 246 and four symbols,
| ‘ respectively, as illustrated in Fig. 10. The rise and fall time

i S ) of the burst were both about 8 ns which is much shorter than
R B that set by the standard bodies [7].

B. Upstream System Experiment

Fig. 9. lllustration of the magnitude of the error vector and the decision . .
distance in a constellation diagram. Two uncooled, unisolated FP lasers and a cooled, isolated

DFB laser were tested. The output power of the three lasers
were set at 0.4, 0.5, and 1 mW, respectively. For a given

principle of Fig. 10 can best be illustrated by an examp umberl of ch_annels |r:jtthe_tmodulatllpg.tslgr;faltlt,hthe OMI (ij eallcr]:
which shows how 70 channels 8f-QAM signals are gener- channel was increased to Its uppertimit until the powerievel o

ated: in the computer program, each complex baseband Q nlinear distortions reached a given threshold. Note that the
) P brog ' P D can be treated as Gaussian noise because the laser was

signals;(t) = Li(t) + j Qu(t) (i =1, 2,---, 70) is frequency . o e L N
shifted to a temporary center frequentiby multiplying with driven under a “strong” clipping condition. This is different

exp(2r f! ¢+ ¢)). Seventy such complex frequency Shiftefrom the multichannel AM-VSB case where the “weak

) : . ) %Iipping-induced noise is impulsive rather than Gaussian. We
signals are then combined .to form a composne sigria) verify this fact by adding a commercially available QAM
whose frequency spectrum is shqwn in Fig. 10_‘ NPte that odem to the edge of the previously generated 70 channels,
we had used “real” frequency shifting (by multiplying eacty,y note that effect of multichannel QAM-induced NLD's
si(t) with cos(27 f{ t + ¢4) instead of “complex” frequency o he pit error rate (BER) performance is the same as that
shifting, we could obtain only 35 instead of 70 distinCht eyternally added Gaussian noise (by using a noise and
channels. Note also that it is important to minimize thgierference test set, HP3708A).

number of cloned channels to avoid artificially increased p typical result is shown in Fig. 11(a) where 70 channels
clipping probabilities. The complex composite signéf) can  of 16-QAM signals were used to drive FP laser#2 into deep
be written as shown in (16) at the bottom of the next pag§ipping. We can see that the SNR requirement of 24 dB can
where I(t) and Q(t) are the real and imaginary part of thehe maintained for all channels (with clear constellation and eye
download datar(t), respectively. The real and imaginary partgiagrams) when OMI/cks 6.86%, while the constellation and

of »(t) were then downloaded to the memories of VAWS fogye diagrams collapsed when OMl/ch exceeded 6.86%. Also
digital to analog conversion and quadrature up-conversion, amgte that when the laser is strongly-clipped (OMI#€l6.86%),

the outputu(t) is given by (17) shown at the bottom of thethe transient-induced spectral regrowth, which is caused by the
next page wher¢, and f; are the center of the signal band andast turn-on and -off of the bursty signals, became insignificant
the center frequency of thiéh channel, respectively Thereforeas compared to the NLD’s. This phenomenon can be seen at
70 distinct, reald-QAM channels are finally obtained. Thethe left edge of channel#1 [Fig. 11(b)].
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Computer Simulation
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Fig. 10. Experimental technique in generating 70 channelsMbQAM signals by using a computer software and a vector arbitrary waveform
synthesizer (VAWS).

Fig. 12 shows the measured, computer simulated, and cEb- or 24 dB. At these SNR thresholds, the BER of the QAM
culated ultimate channel number as a function of OMI paignal can be well below I0°. The useful OMl/ch values
channel. The total channel number was increased from 10 toaf@ bounded by two sides: the maximum OMl/ch is limited
in a step-size of 10 during the experiment, and the worst-cdse the strong-clipping-induced NLD’s, and the minimum
channel, channel#1, must reach the minimum required SNR@#I/ch is limited by the large relative intensity noise (RIN)

u(t) = Y si(t) - J OIS

= Z [L:(t) + Qi(®)] - [cos(2m fit + ¢) + j sin(27 fit + ¢y)]

[Li(t) cos(2m fit + i) — Qi(t) sin(2m fit + bi)]
im1

70
5 D> () sin(2r fit + ) + Qi (t) cos(2m fit + ¢:)]

=1
I(t) +35 Q) (16)

w(t) = I(t) cos(2m f.t) — Q(t) sin(2w f.t)
70
=D Wit eos 2m(fe + f)t+ 6i) = Qi) sin n(fe + f7 )t + 1)
70
_ Z Re{[Ii(t) 15 Qi®)] ej(27f(fc+f!)t+¢i)}
_ io: Re{si (t) i fit+¢i)} a7)

=1
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\ OMl/channel should provide a sufficient optical power budget.
However, a upstream laser may have to carry channels using
collision-based MAC protocols such as slotted-ALOHA [7],
and the original rms OMl/channel may be increased/y
< when k users collide in the same contention time slot of a
ch.1, OMI/ch = 11.1 % common RF channel. To find out how the channel capacity
may be reduced due to the collisions, we assume the worst
case that during a short period of time, only one out of a
total N channels is operating normally and all the ré&t- 1
channels are suffering collisions (each duektasers). We
/ choose channel#l with the lowest SNLD as the operating
channel. Sincé: collisions in each channel result in 1dp(%)
/ dB increased power, we let the rms power in channel#1 be
10log(k) dB less than all the other contention channels.
/OMI/C'F“J% As illustrated in Fig. 13(b), the SNLD requirement of the
OMI/ch = 6.86 % (@ contention channels should becoite- 10-log(k) dB in order
for channel#1 to maintain a QPSK SNLD of 16 dB. By using
(11) and assuming a RIN level 6£115 dB/Hz, we obtain
R N : the results shown in Fig. 13(a). We can see that the resultant
_ "L"‘s“--"“-p“tm channel number is dramatically reduced. For example, the
benter: 250 MHz ...4.Spani..5.,0,9__1\{1.HZ maximum number of channels is reduced from 1000 to 125 if
' k = 8, and to 55 ifk = 16.
Note that the analysis which we have carried out here can
() also be used to set the dynamic range of multiple input signals
(without collisions) under the worst case condition, /€.~ 1
equal-power strong channels and a single weak channel. For
example, the case oN = 125 and &k = & implies that
the upstream laser diode can support 124 equal-power strong
channels with a single weak channel whose power level is
log(8) or 9 dB lower than all the other channels.

ch.1, OMI/ch = 6.86 %

10
dB
/div

OMI/ch=11.1 %

OMI/ch = 6.86 %

Burst input—a

Continuous input

center: 5.625 MHz span: 5 MHz

Fig. 11. (a) Spectra of 70 channels of 16-QAM signals before and aft%lo'
modulating a FP laser. Constellation and eye diagrams for OM#/6h86 and
11.1% are shown for comparison. (b) Spectra of NLD’s and transient-induced

spectral regrowth right next two channel of channel#1. B. Ultimate Channel Capacity in the CATV Downstream Links

The analytical method presented in Section Il can also be

which is assumed to be caused by optical reflections in Q%plied to estimate the ultimat&/-QAM channel capacity

unisolated laser. All measured results from FP#1, FP#2, andy down-stream link. Let us assurdé — 64 or 256 for

DFB lasers are essentially the same, which indicate that @ﬁch 6 MHz CATV channel, and the first channel starts at
NLD’s induced by strong laser clipping are independent %W MHz. Each QAM signal has a symbol rate of 5 Ms/s and
the type of lasers, and also independent on whether a coQleh,ag.jimited by a RRC filter withy = 0.2. The results
or an isolator is used (at least at room temperature). It 5,y in Fig. 14 reveals that even a laser diode with a RIN
observed that the analytical and simulation results describ ghigh as—135 dB/Hz can transport about 600 channels of
in Sgc.tion Il qnd Il match the gxperimental re;ults very wel 4-QAM and 128 channels of 256-QAM signals, respectively.
Itis interesting tp see, from Fig. 12, that a typical FP or DFRiote that this channel capacity can be further increased if
laser can transmit more than 1000 QPSK or 170 16-QAW\yard error correction (FEC) codec is used in each channel.

channels even in the presence of strong optical reflectioltﬁsWe assume a 30 Mb/s 64-QAM and a 40 Mb/s 256-
which caused a poor RIN level 6115 dB/Hz. We note that QAM channel can carry six and nine 4-Mb/s MPEG-! live

the available data rate per 16-QAM channel is about two tim@ﬁjeo channels (with 6 and 4 Mb/s overheads per QAM

of that for QPSK channel, yet the clipping-limited Channeéhannel, respectively) [17], the ultimate downstream live-

number of 16-QAM modulation is about 0.1 times of that foy; . capacity per clipping-limited laser diode can be 3600

QPSK modulation, therefore, given sufficient laser bandwidtQny 1155 channels, respectively. It is interesting to see that
QSPK modulation format can transport more information. 64-QAM modulation can achieve a much higher capacity of
video channels, although the required bandwidth on the down-
V. DiscussioN stream laser (6x 600 + 54 = 3654 MHz) is higher than
) . o that for 128 channels of 256-QAM signals (6 128454 =
A. Channel Capacity of a Laser Diode Considering 822 MHz). In estimating this down-stream ultimate capacity
Contention-Based MAC Channels with a total signal bandwidth greater thamlGHz, we are
We note that a upstream laser does not have to be opassuming that the dynamic laser nonlinearity is less important
ated under a strong-clipping condition, because a reasonableen compared to strong-clipping nonlinearity.
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spectral density (PSD) of the operating channel, channel#1, and'thel collided channels, and the resultant NLD's.

VI. CONCLUSION diode is dramatically reduced to 125 and 55, for 8 and 16

We have provided a spectral analysis to predict the ultima&glligioqs/channel, respectively. These results have important
M-QAM channel capacity of a laser diode, and have provid@@pllcatmns to systems transporting frequency-stacked return-
verifications for a capacity up to 70 channels of QPSK #ath bands and/or using collision-based MAC channels. As
16-QAM signal by building a complete system Computeqegard to the ultimate capacity of a down-stream laser diode,
simulation model, and by carrying out experiments using a¥e found that as high as 600 and 128 channels of 5 Ms/s 64-
isolated/cooled DFB laser and two unisolated/uncooled K¥AM and 256-QAM signals (equivalent to 3600 and 1152
lasers. Our analytical results show that for an upstream lasé@nnels of 4 Mb/s MPEG-II live video signals) can be
diode, over 1000 1-Ms/s QPSK channels or 170 1-Ms/s 1&ansported, respectively, assuming a laser RIN level B85
QAM channels can be delivered, even in the presence @3/Hz. These capacities can be further increased2d 000
a high RIN of —115 dB/Hz. However, in investigating the64-QAM and ~4800 256-QAM channels if the downstream
effect of collision-based MAC protocols, we found that, in théaser RIN is—155 dB/Hz.
worst case condition (collisions occur in all but one channels), We have discovered several other important phenomena
the ultimate QPSK channel capacity of an upstream lafeom our analysis. The first is that when the total modula-
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tion index is greater than 0.45, the dominant NLD under a
clipping-limited condition is of the second and third orderl.16
However, as the modulation index decreases, the dominant
orders increases. These results have important implicatigﬁ
to the design of predistortion circuits for the purpose
increasing the channel capacity beyond that of a clipping-
limited condition. The second is that we have given an exact
estimation of the in-band clipping-induced NLD factby,
which can vary significantly with the loading channel numbe
N and the total rms modulation indgx

In our experiment, we have developed a signal processi
technique to generate a maximum number of distMieQAM
signals by using a computer software and VAWS, for a give
speed of DAC’s in VAWS. Other interesting phenomena whic
have been found in our experiments include 1) the fund
mental limitation on the digital\/-QAM channel capacity
of an upstream laser diode is due to strong clipping, and is
independent of laser types, i.e., DFB or FP, cooled or uncooled
(at least at room temperature), and isolated or unisolated,
2) when the laser is strongly clipped, the spread NLD i
multichannel QAM systems can be treated as Gaussian nc
instead of impulsive noise (as in weakly clipped downstrea
laser diode carrying multichannel AM-VSB signals), 3) th
transient induced adjacent channel power can be neglec

*

compared to the nonlinear distortion power when the las
diode is strongly clipped.
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