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Optimal Control of Intermodulation Distortion
In Hybrid Fiber-Coaxial CATV Systems

Gary D. Alley, Senior Member, IEEEand Yen Long Kuofellow, IEEE

Abstract—The distortion optimization in a phase-controlled spectrum from 5 to 40 MHz is often used to transmit signals
hybrid fiber coaxial (HFC) CATV system is presented both from the home to the headend on the coaxial portions of the
in the frequency domain and in the time domain. A general gygiam We discuss video-carrier phase-control techniques that
quadratic-phase relationship of the National Television System minimize the NTSC intermodulation distortion which falls out-
Community (NTSC) video carriers has been used as the basis '’ k ; g .
for minimizing the peak/rms ratio of the broad-band signal as Side the spectrum occupied by the NTSC video signals, while
well as the second- and third-order intermodulation distortion also minimizing composite second-order (CSO) and compos-
products. Emphasis is placed on distortion products which fall jte triple-beat (CTB) distortion products. This results in an
outside the band occupied by the NTSC signals and thus degrade i, - o556 in the maximum capacity of the digital portion of the

digital performance. An experimental phase-controlled coherent a/ . in the digital f
HRC CATV system consisting of 81 live video channels and four SyStém and/or an improvement in the digital performance as

64 quadrature amplitude modulation (QAM) digital channels has Well as an improvement in the NTSC performance. The system
been used to demonstrate the advantages of an optimal phase-engineer also has an option, by using these techniques, of trad-

controlled headend over traditional systems. ing improved system performance for reduced system costs.
In this paper, the merits of phase control of the NTSC video
|. INTRODUCTION carriers on the digital-signal performance will be stressed,

HE performance of hybrid fiber coaxial (HFC) systemgong with the accompanying improvement in the NTSC
Twhich carry a mixture of National Television Systenpgr_formance. The BER pe_rformance of_d|_g|tal signals depends
Community (NTSC) video and digitally modulated signals, igntlcally on both th(=T peal_<|ng c_:haractenstlc anc_j the rms value
limited by intermodulation distortion due to the total systerffif the intermodulation distortion products which fall into a
payload. Nonlinearities in the system cause the digital signaf§iannel occupied by digital signals. In a traditional CATV
in conjunction with the NTSC video signals, to produc&€YStem in which the NTSC video-carrier frequencies are non-
broad-band intermodulation noise which falls in the NTSEcherent, the peak/rms value of the broad-band waveform and
video spectrum. This noise, which has been called compodi@th the peak/rms and rms value of the distortion products are
intermodulation noise (CIN), combines with thermal noise arfiatistical variables with large variances. This is due to slowly
determines the NTSC signal-to-noise/lj) ratio. The NTSC 0ccurring changes in the frequencies anc_i phasgs of the vlldeo
S/Ndecreases with increasing digital signal level, thus placitg"iers. The BER performance of the digital signals carried
an upper limit on the digital signal level relative to the analog" these systems also slowly change or breath with time. The
signal. Nonlinearities in the system, including laser clippinghinimization of the peak/rms of the broad-band waveform
also cause the NTSC video signals to produce intermodulati¥ the control of the coherent NTSC video-carrier phase has
noise which falls into both the NTSC spectrum and into tH&€ additional benefit of reducing laser clipping effects in
spectrum occupied by the digitally modulated signals. TH& HFC system. Signal clipping is a gross nonlinear effect
magnitude of these intermodulation products can be reductich produces broad-band distortions, thus, the high-order
by using components which are more linear, by reducing thenlinear effects (greater than third-order) in the system can
analog-signal levels relative to the digital-signal levels and B¢ Minimized via the minimization of the peak/rms quantity.
controlling the phase of the NTSC video carriers. In Section Il, the second- and third-order intermodulation

In general, the power in intermodulation distortion produc®roducts as functions of carrier phases are given. The min-
at a given signal power level is determined by both the nonlifinization of the second-order distortion in the frequency-
earities present in the transmission system and by the designain using the concept of an “ambiguity function” is
of the composite signal waveform carried by the system. HFéiscussed in Sections IIl and IV. In Section V, we apply the
systems with a top bandwidth of 750 MHz are frequenti§tationary-phase principle for a constant envelope FM signal
designed to transmit downstream NTSC video in the spdé-the minimization of the peak/rms ratio of the broad-band
trum from 50 to 550 MHz and various downstream digitallgomposite NTSC video-carrier waveform. For a flat-carrier
modulated signals in the spectrum from 550 to 750 MHz. TH®ectrum, the optimal carrier phase relationship results in an
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Fig. 1. Broad-band time-domain waveform. All 81 video-carrier phases aféd- 2. Spectrum corresponding to the time-domain waveforms shown in
set to zero whert = 0. Figs. 1 and 8.

25-channel system is used for the above illustration. The 84

time-domain behavior of the out-of-band (digital band) third- 91
order intermodulation distortions for a noncoherent systenp ;) — = Z a3 cos (nwst + ¢n)
is also illustrated with numerical results for a 64-channel
system. The slowly varying values of the peak intermodulation 91
products which fall into the digital band are explained in + = Z a? cos (3nw,t + 3¢,,)
this section. These variations in turn cause large variations in n=9
the BER of digital signals. Finally, an experimental coherent 91
CATV system consisting of 81 live video channels and four Z Z ana?, cos (nwst + ¢y,)
64 quadrature amplitude modulation (QAM) digital chan- n=9 m=9
nels transported using a combination of linear lightwave and (n7m)
coaxial distribution systems is presented in Section VII. This 3 & & 9
demonstration system used commercially available equipment 1 Z Z UnOm
together with custom designed hardware, which controlled the (2;31) m=9
video-carrier phases. -cos [(2n £ m)wst + (260 £ d)]
II. HFC SPECTRUM AND DISTORTION PRODUCTS + 3 Z Z Z U Uy O
Consider the following signal as a model for the video 2 n=9 m=9 k=9
carriers in an 83-channel (54-546 MHz) CATV system using (npémk)
the harmonically related carrier (HRC) frequency plan with -cos[(n £ m £ k)wst + (¢n + b + d1)]. (3)
ws = 2716 x 10°: From (2) and (3), we can see that some distortion product
magnitudes are carrier phase-independent, but most distortion
= Z yp, €08 (nwst + Py ). (1) products (those in the double and triple summations) are
n=9 carrier phase-dependent. In general, the distortion spectrum

It is customary with the HRC frequency plan not to use the maximized when ally,, are equal at = 0. Fig. 3 shows

two channels at 108 and 114 MHz & 18 and 19) in order the second-order distortion spectrum and Fig. 4 the third-order

to minimize interference into aircraft communication bands. Histortion spectrum withp,, = 0 att = 0 anda;s = a19 = 0.

the carriers phases, = 0 whent = 0, for all n the waveform  We can see that large peak/rms values require excessive

is given in Fig. 1 and the corresponding spectrum is given iteadroom in order to prevent the linear lightwave laser trans-

Fig. 2. In these figures;s = a;9 = 0. The peak-to-rms ratio mitter from clipping and that the distortion products extend

(peak/rms) of the broad-band signal in Fig. 1 is 22.1 dB. both above and below the analog video spectrum. These dis-
The second- and third-order distortion products due tortions products can cause digital errors in both the upstream

polynomial nonlinearities with unity coefficients (assumed fasind downstream directions in HFC systems.

all calculations in this paper) are given by

24 o1 [1l. CONTROL OF SIGNAL DISTORTION AND PEAKING
— In (2nw,t + 2¢, L N
V() nzzg + Z( )COS st +2¢n) To minimize the distortion products over any frequency
91 91 band, the relationship between the carrier phases can be set

+ >0 anamcos[(nEm)wst + (¢n £ ¢)]  © the appropriate values and maintained at these values using
o m=o appropriate phase-control techniques. However, the distortion

(n#m) minimization for a high capacity wide-band multicarrier sys-
(2) tem is a nontrivial problem. Several authors [1]-[3] have



ALLEY AND KUO: OPTIMAL CONTROL OF INTERMODULATION DISTORTION IN HYBRID FIBER-COAXIAL CATV SYSTEMS 2185

80 . R 100 . . ‘ e C—
| i 90
70 | [
80
60 70
m m
T T
50 60
| f 50
40
40
I
30 30
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
MHz MHz

Fig. 3. Zero-phase (worst-case) second-order distortion spectrum with urfitg. 4. Zero-phase (worst-case) third-order distortion spectrum with unity
second-order coefficient. third-order coefficient.

worked on this problem with some success. In this paper, wer o g2

) : . L (t) function contains no second harmonics of the
will develop a general approach to the distortion minimization_ . :
roblem together with numerical simulation and experimentC rriers and no terms of the forifk + m)w,. Comparing
P ) and (2), it is interesting to note th3tE?(t) is the same

results. as the total second-order distortions at zero frequency and
Consider the composite multicarrier signal (1), which can d y

be rewritten as (With2 = 8w.,) at all frequency components which are differences of carrier
- frequencies (i.e.(k — Dw, terms).

83 ; ; ; ;
p o Borrowing from the classic pulse-compression radar-signal
_ Qt kwst+ep A . . .
v(t) =Re| ¢’ Z ae’l v design theory [4], the}E%(¢) is related to the “ambiguity
’“;1 function” for a discrete coded waveform (for the narrow-band
— cos () Z a1 05 (Fwst + ) case) as follows:
k=1 N N .0
83 * —jwqat
(7, we) = wr (O] (t + 7)e I dt 7
— sin (Q¢) Z ap, sin (kwst + ¢r,) 4) (7, wa) kz_:_l ; /—oo (i ) (7)
k=1
where Q is considered as an arbitrarily assigned “centd¥here
frequency” of the wide-band composite signal. The envelope up(t) = ape? Feostton) (8)

of the above signal is defined as ) _ ) )
is the “complex envelope” associated with each carrier at fre-

83 2 guencykw,. Using Parsevals’ theorem, the ambiguity function
Z a cos (kwst + ¢r) can also be written as
E@t) = | "=t 5 ®) N N e
83 1 * —jwT
|3 st + ) Ur, ) = 5 kzl ; /_Oo U2 () Ui + wa) - €7 dw
k=1 ==
9
The squared envelope function is then given by ®)
83 whereUy(w) is the Fourier transform af, (¢) and is given by
E(t) = Z az[cos? (kwst 4 ¢p) + sin? (kwst + ¢)]
k=1 Up(w) = 2mape?®  6(w — kw,). (10)
83 83
+ > > 2apafcos (kwyt + ¢i) cos (lwst + 1) Substituting (10) into (9) and after simplification, we have
k=1 I=1
(k1)
v
+ sin (kwst+ ér) sin (lwst+¢1)] (7, wa) NN
83 83 33 - (b —¢r ) ~HkD)wa] | —(k—
= Z ai +2 Z Z agay cos [(k — Dwst 2n kz_:_l ; e Slwa—(k=Dw,]
k=1 =1 =1
() (12)
+ ok —g0l  (6) With  set equal to zero, (11) represents §ﬁ2(t), as given
which is periodic with a perio@r /w, = ¢ ps?t in (6).

INote that the sum of frequency term(g + !)ws, including the second _The gmblgwty function [def'ned .'n (7) and (9)] as a tWO—
harmonic components, all cancel out through trigonometric identities.  dimensional (2-D) waveform amplitude-distribution function
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in time delayr and frequency displacemeat; has been the order distortion will mainly contain the phase-independent
basis in modern radar technology for the systematic search éooss-modulation distortion terms (in-band) with minimum
the best signal waveform for a particular application. Mangut-of-band third-order distortion products.

results on the minimization of the side lobes relative to the

dc value of the ambiguity function have appeared in the V. PRINCIPLE OF STATIONARY PHASE

literature [4]. Even though these results are for narrow-band
applications, they can be used to obtain various classes
candidate phases for the case of wide-band video carrierst
achieve distortion minimization.

l{n the previous section, we discussed the distortion opti-
Ization in the frequency domain via the minimization of
8 second-order distortion products in the squared envelope
function and its extension to broad-band CATV applications. In
the time domain, the peak amplitude of the analog video-signal
IV. MINIMIZATION OF ENVELOPE VARIATION waveform is related to the peak factor of its envelope function.

As seen in (6), the carrier phase-independent second-orgéice the envelopei(t) of a low peak/irms signal cannot

distortion at dc is fixed when the carrier amplitudes are fluctuate wildly, it follows that its envelope will usually give
given. To avoid the high peaks in the instantanediét) (a @ low peak factor too [10]. The peak factor is defined as the

power quantity) and, consequently, high distortiofiat )w,, Maximum absolute value of the waveform divided by its rms
we shall minimize the variation aB2(¢) from its mean value value. Minimizing the peak/rms ratio in the signal waveform

of 3" a2, which can be written as also reduces the distortion effects due to the nonlinearities in
the CATV system (including the clipping of lasers). In this
]3 ]3 section, we will present a method for synthesizing a set of
Variance{EQ(t) — Z ai} -9 Z 7|2 (12) carrier phases that will generally minimize the peak/rms ratio
1 1 of the signal.
In [5], Schroeder proposed a rule based on an application of
where the principle of stationary phase which enables the phases of
a set of Fourier coefficients, whose magnitudes are specified,
Nk to be determined so that the peak factor of the corresponding
T = Z AnAnir, k=1,2-.-,N=83 (13) waveform is low. He reasoned that a low peak factor would
n=1 result if the waveform could be made to approximate an

. . ] ) FM signal with constant envelope, because the FM signals
and A, = ay¢’®", characterizing theth carrier amplitudes,  haye low peak factors. The success of this approximation be-
and phase,,. The coefficient;, can be interpreted as the autoromes petter as the number of sinusoidal Fourier components
correlation values of the complex sequentg A, -, An. increases (corresponding to the high-index FM signals).
Minimizing (12) implies the total power in the sidelobes of the The problem is stated as follows. Given the magnitudes of
ambiguity function (forr = 0) is minimized. Many such codesihe carriers (not necessarily equal), we shall approximate the

(sequences) are available in the literature including maxm}?ériodic composite video signal (1) to a constant envelope
length pseudo random and Barker (fr< 13) binary codes, gpm signal

Frank, and other polyphase codes [4].

In a wide-band CATV application, the second-order distor- s(t) = Acos [(Qt + ¢(2)] (14)
tion contains products of the tygé+/)w, as well agk—1)w; h
terms and they generally overlap in frequency. Therefore, the
approach of radar-signal design must be modified to treat u(t) = Ae??® (15)
the CATV problem. Fortunately, minimization of (12) also

generally results in the reduction of the distortions at & : . - . .
other frequencies (including the overlap region). We ha\%fw/ws. Then the Fourier-series coefficients in the expansion

developed numerical techniques which extend the clas%]c(lt_-’) would _approxmate the prescribed power spectrum of
ambiguity function to the design of wide-band CATV signalg € video carriers and the phases of the coefficients are to be
with improved performance. Our strategy is to optimize th osen t9 minimize thg peak_factor of (1). We shall assume
total second-order distortions given in (2) by obtaining th at (t) is a monotonic function of such that for a given
carrier phases so that the composite signal has a second-olf&fHeNcY« = hws (k= 1,2, -, N = 83):

distortion spectrum that is substantially a line spectrum at dc §'(t) —w =0 (stationary phase) (16)
(the Z%aﬁ term) with the residual distortions at all other ) ) ) o )
frequencies (including the overlaps) minimized. Recognizir&;as a single solution d@t= ¢, in the time interval (0.') with

that the third-order distortion spectrum is the convolution ifi (t) = 0 and no solution exists fok > N.

the frequency-domain of the second-order distortion spectrumyccording to the principle of stationary phase [9, pp.
with the original composite signal spectrum itself, the third?71-273] and [4, pp. 34-35], the Fourier-series coefficients
order distortions in both the in-band (analog band) and out-&t (15) for high-index FM (i.e..N > 1) are given by

band (digital band) frequencies will be generally minimized. In 0 '

fact, with the second-order distortion behaving essentially like u(t) = Z Upeihest (7)

a line spectrum at dc having minimum side lobes, the third- k=—o0

ose complex envelope is given by

here A is constant and)(¢) is periodic with periodT” =
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where then ¢, = (m/N)k?, which is known to be the Newman
A [T phase relationship [6], [7]. In actual applications, optirbal
Uy =7 / IO —kwst] gy k=1,2, - (18) andb, for minimizing peak/rms of the signal can be obtained
0 using numerical techniques. It is interesting to note that for
é 16t ety 27y for kel ... N the speC|a_1I case @f = w,/2 =7 /T, ¢ becomes the results
~L T 0 (t)’ o as prescribed by Schroeder [5].
“0” (Small) for k> N Case 2: For the linearly sloped spectrumU;|> =
’ (19) ab=Uy|? for k = 1,---, N, a is assumed to be greater
than 1 for an upwardly sloped spectrum. For this case, as well
é cI(entn/4) 2 fork=1...-. N as for the general nonlinear FM case, we shall use the result
~q T V 167 (tr)] T in Appendix A to obtain the carrier phases that will minimize
“0” (Small), fork >N the peak-to-rms ratio of the signal. Thus, from (A10) we have
(20)
Ta(kw,) = = ¢ (kw;)
where
- / cra®* 0% UL 12 d(kws) + ca
dr = 0(tr) — kwsty = Oy — kw,ty, (21)
. . . . / 2 alh=
and the sign ofr/4 is dependent on the sign 6f(t;,) being =—¢|Ui] Tnta) + co. (30)
positive or negative, respectively. The phagefor the carrier
frequencykw,(k = 1, 2, ---, N) will now be determined as |mposing the boundary conditions
a function of the prescribed carrier spectrum.
Case 1: For the flat-spectrum case, the magnitudel&f 0) =0 andr(Nw.) = 2r 31
is constant fork = 1, 2, ---, N, therefore, we sef”(t;,) = 7a(0) Ta(Nw,) Ws (31)
2by (b2 # 0). Hence we obtain
/ —
and TS = e aN =1 w, aN =1
6(t) = bot? + byt + by (23) Integrating (32)
which is a linear FM (chirp¥. Substituting (22) into (16) and Pr = P(kws)
solving the stationary-phase equatiort at ¢;, we obtain
=— /Td(kws) dkws + co
(kws - bl)
ly =—F77—" (24) 2 27
2b = k_ 33
and : @ -Dh@® “@-pte G
O (te) =kws, k=1,2=---, N. (25) =dy(a)a* + di(a)k + do (34)
Assumeb, > 0 and define where dz(a) and d;(a) are the nonlinear functions aof, as
W, given in (33).
A =te —th-1= 57~ (26)  In general, for any spectral shape &f(w)|?, w = kw,,
_ o 2 _ k=1,---, N, the carrier phases can be determined by the
a constant independent bf. Dividing the periodl’ = 27/w, above procedure. This includes the missing channels over the
by N segments ofA;, we obtain CATV bands.
Nws Nm
by = 57 = T2 (27)

VI. NUMERICAL RESULTS

Hence, from (20), (21), and (24) we have (after simplification) From (29), if we fix ds and vary d, or do, we see

interesting relationships between the peak/rms of the broad-
band waveform, the second-order distortion powsy)(and
and the third-order distortion power%). F; is defined as the total
(hws — by)? 5 second-order distortion power over any band of interBsis
P = 4by +bo=dok” +dik+do. (29)  gefined as the total out-of-band third-order distortion power

N hat f 29). the ph lationshio of the over the band of interest. The in-band third-order distortion
ote that from (29), the phase relationship of the flat-spectr wer is excluded fromP; since it contains terms which

carers Is a quadratlc_ equation in the freqyency doma.m,' a LE phase independent (cross modulation terms). With optimal

should be from the time-domain quadratic characteristic B ases these cross modulation terms become the dominant in-

(23) (see Appendix A). Ifby andb, are chosen to be 2819 hand third-order distortion power, but do not contribute to the
2|t is an upward chirp iy > 0, and a downward chirp i, < 0. out-of-band distortion.

|Uk|z%, fork=1,2---, N (28)
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Fig. 5. Contours in thé®/rms (dB) p2 plane produced by varyingy over ~Fig. 6. Contours in the’/rms (dB) ps plane produced by varying; over
a range of27/16 for fixed values ofDy andd, together with the results of a range of27/16 for fixed values ofDy andds together with the results of
10000 sets of video phases uniform oveK ¢, < 27. 10000 sets of video phases uniform o0¥eK ¢, < 2w.

Using a 25-channel system as an example, with the tW@econd order) and Fig. 10 (third order). The peak/rms value
channels at 114 and 120 MHz missing, the relationshig$ the broad-band waveform has been reduced from 22.1 dB
betweenP, and peak/rms [Fig. 5(a) and (b): and peak/rms (Fig. 1) to 5.5 dB and the second- and third-order distortions
[Fig. 6(a) and (b)], andP, and P [Fig. 7(a) and (b)] are have been improved by more than 15 and 30 dB, respectively,
shown for two sets of data. The first set contains the resultem the worst case (Figs. 3 and 4) over the entire band.
of 10 000 groups of uniformly distributed video-carrier phases Figs. 11 (flat spectrum) and 12 (7-dB upward slope from 50
0 < ¢, < 27, and in the second set; is varied over a to 550 MHz) show the range of third-order distortion products
range of2r /16 with fixed values ford, and d,. Figs. 5(b), when the carrier phases, are varied from zero to phases
6(b), and 7(b) are expanded views which show the closediich minimize P;. The three center curves in Figs. 11 and
contours produced by the variation iy along with the 12 show the 99.8% upper and lower bounds on the rms value
drastic improvements i, P;, and peak/rms relative to theof P; as ¢,, are selected from a uniform distribution over
random video-carrier phase cases. Note that in Fig. 7(b), the< ¢, < 27. We see that the in-band rms values of the
relationship betweer and P; appears to be elliptical. An third-order distortion vary by over 3 dB while the out-of-
explanation of this behavior is given in Appendix B. Datdand rms values of the third-order distortion vary by over
similar to that shown in Figs. 5-7 allow us to pick values of dB. The zero-phase case increases third-order distortion by
do, di, andd, for a given sets,, which optimize, P3;, and about 30 dB relative to the mean random phase value while
peak/rms over any defined frequency bands using any desitleel optimum phases reduce the out-of-band rms values of the

weighting function. third-order distortion by approximately 16 dB relative to the
For the 83 channel spectrum, with the two channels atean random-phase value.
114 and 120 MHz missing, (shown in Fig. 2) valuesdgf, When using the standard-frequency plan common-system

calculated using values of;, di, and dy in (29), which design practice results in rms values of the second- and
minimize the peak/rms of the broad-band waveform have bethird-order distortion products CSO and CTB, which are ap-
selected. The voltage waveform in this case is shown in Figp8ximately equal. Under these conditions, the most important
along with the corresponding distortion spectrums in Fig. @distortion product which falls into the digital band is the third-
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25 100 —
20 90 ‘ } .
7 80 _ NIy,
~ 60 |
@ 10 5 50 =
S5 ‘ 40 | . i : : :
20
5= - 0 100 200 300 400 500 600 700
- MHz
10— v v ' ‘+0° —=— Random + —a— Random —x— Random - —x—K&A
0 0.1 0.2 0.3 0.4 0.5 - -

MicroSeconds Fig. 11. Third-order carrier to distortion results for optimal peak/rms K&A
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Fig. 8. Broad-band time-domain waveform. All 81 video-carrier phases ig’nits, and 81-channel flat-analog spectrum.

set to values which minimize the third-order distortion products due to th
video carriers which fall into the digital band.

signal such that the third-order products which fall into the
order due to the high peak/rms value of third-order produatifgital band have both a minimum rms value and a minimum
relative to the peak/rms value of second-order products. (Tlisak/rms value.
should not be confused with the peak/rms values of theln order to study the time domain behavior of the out-of-
broad-band video signai(t), which is shown in Fig. 1). The band third-order intermodulation products, we have used the
digital signal will make errors when the interfering voltagelosed-form expressions for all of the third-order distortion
produced by intermodulation products, which fall into th@roducts (3), produced by a 64-channel syst8mnx(n < 72
digital channel, cause the received signal to cross a decisieith all «,, = 1). At 708 MHz, there are 575 products of
threshold. For this reason, it is desirable to optimize the analtige formn + m 4+ k£ and 41 products of the forrdn + m.
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Fig. 14. Time-domain waveform for third-order distortion product which
Fig. 12. Third-order carrier to distortion results for optimal peak/rms phastlls at 708 MHz with random phases and random frequency offsets from
zero phase (worst case), random phases showing 0.1% and 99.9% limits, @oélinal. Data calculated as in Fig. 13.

81-channel analog spectrum with 7-dB up slope from 50 to 550 MHz.
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Fig. 13. Time-domain waveform for third-order distortion product which
falls at 702 MHz with random phases and random frequency offsets from
nominal. Since the frequency offsets are randomly selected from steps of 635

MHz, the waveform is periodic with a period of 1.6 ms.

The carrier frequencies have been assigned quantized random
offsets from their nominal value as shown in (35):

72
v(t) = Z 08 [(nws + 20 A f)t + ¢n)
n=9
— 15625 < Af, < 15625 20 40 60 80 100
with a step size of 625 Hz (35) MicroSeconds

. : : . (b)
The time behavior of:(¢) and the distortion products are then _ , _ o
Fig. 15. (a) Time-domain waveform for third-order distortion products

pe”Od'C with a Pe”‘?d_ of 1.6 ms, which is the reC|procaI of th@hich falls at 702 and 708 MHz with zero carrier phases. (b) Time-domain
greatest common divisor (625 Hz) of the frequency offsets. Waveform for third-order distortion products which falls at 702 and 708 MHz

the numerical simulations, we then look at each(ggt Af,) With one set of random-carrier phases.
over one period of the waveform in order to calculate the

statistics of the process. _
Figs. 13 and 14 show the time-domain behavior of thirgrder of the reciprocal of the frequency spread around the

order products falling into the digital channels at 702 and 7@®minal frequencies. In this case, the width—6 dB below the
MHz for one set of random phases, and random frequency Peak—is approximatelyl /(3 x 15625) = 21 us. If the bit
offsetsA f,,. For this particular case, the peak/rms value of tH@te for a 64 QAM digital signal is 30 Mb/s, then this would
third-order products are 15.9 and 16.2 dB at 702 and 708 MHgsult in an error burst which lasted for about 640 b. An error
respectively. If¢, = 0, the peak/rms value of these productburst of this length would be difficult to correct using standard
increase to over 29 dB. As the phaggsapproach unfavorable error-correction techniques.

sets, both the rms values of the third-order products andin the HRC frequency plan, the errors from the nominal
the peak/rms values of these products rapidly increase. GfMHz channel spacing are zero and the intermodulation
Fig. 15(a) ¢, = 0) and (b) 0 < ¢, < 27), we see that products due to video carriers become tones with a peak/rms of
the duration of the peaks in the third-order products is on tlBedB. For the incrementally related carriers (IRC'’s) frequency
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Fig. 16. Distribution of rms voltages of one third-order product which falls dtig. 17. Distribution of peak/rms voltages of one third-order product which
708 MHz. Data calculated using random-carrier phases and frequency offstis at 708 MHz. Data calculated using random-carrier phases and frequency
offsets.

plan, the peak/rms ratio of the distortion products exceeds that .
of the HRC plan and is thus less desirable. tors using the HRC frequency plan and 81 Standard Telecom

Under the conditions given in (31), using closed-fornjitegrated receiver descrambler (IRD) satellite receivers. The

equations for the third-order distortion products which fall atatellite receivers supply independent live video signals to the
faseband inputs of the video modulators. As in the simulations

702 and 708 MHz in a 64-channel system, we have calcula
the statistics of the rms value of the third-order products 490Ve, the channels at 108 and 114 MHz were unused,
lgaving 81 active video channels. The phases of the 81 video

well as the statistics of the peak/rms value of the third-ord ) ) g - >
products. As seen in Fig. 16, the rms values of the distortion §"1i€rs were controlled in real time using specially constructed

any out-of-band channel follow a normal distributionyif is eql_Jipment to replace the Scientific Atlanta comb 'generator
randomly distributed < ¢,, < 2. In addition to the variation Which normally supply the RF reference frequencies to the
in the rms values of the third-order distortion, the peak/rfd1ase lock inputs of the video modulators. By changing the
values of a single product change as the carrier phases ¥fgSe Of the reference to the appropriate values, we could
selected from @ < ¢, < 27 uniform distribution. Fig. 17 Cause the phase of the video carriers to be equal to the desired

shows the probability density function (PDF) for the peak/rmiet ¢ at the output of the headend RF combiner network.
of a single third-order product which falls at 708 MHz. In' "€ phase feedback loop, which was an integral part of the
this case, the PDF is not normal, but rather appears to Pa2se control equipment, ensured that the desired phases were
Maxwellian. The maximum value of the peak/rms exceeds tﬁ_g;\ble with time. During the experimental tests, various digital

mean value of the peak/rms by 9 dB with a probability ofignals were also combined with the analog NTSC spectrum
10-5. using the passive combining network at the headend output.

In the standard frequency plan, as well as conventional | N€ output of the headend was connected to a distribution
implementations of the IRC and HRC frequency plans, tRystem con5|st|ng of an AT&T Ilnea'r lightwave trqnsmﬂter,
video-carrier phases are uncontrolled and drift with time:0 km of fiber, and an AT&T linear lightwave receiver. The
As the phases drift into ranges which produce high rutput of the lightwave receiver then feed_gacascade of three
values and high peak/rms values for the third-order distortip€neral Instrument coaxial CATV amplifiers separated by
products, the digital performance of the system will degrad@PPropriate lengths of coaxial cable. The third amplifier in
As discussed above, the duration of the peaks in the third-ordfds cascade was in turn connected to a tap which allowed
distortion products are on the order of the reciprocal of thr&§ 0 monitor the signals on the system at the end of the

times the frequency spread around the nominal frequencied/@Smission system. _
each frequency plan. For example, in the standard plan, if all"Vhile operating this system at standard operating levels, by

channels are within 1 kHz of the nominal frequencies, thefYing the phase of the video carriers, we have been able to
the peaks in the third-order distortion products will last on thé"Y the intermodulation products which fall into the digital
order of 1/3 ms. A 64 QAM modem with a bit rate of Soband from an equivalent rms carrier-to-interference level (Q/I)
Mb/s could thus have error bursts containing on the order 8f /€SS than 0 dB to a C/I of greater than 50 dB. Using
10000 b. As the carrier phases and frequency offsets slovndard National Cable Television Association (NCTiEa-
drift, the peaks of the intermodulation products will breatrsurements, the mean values of the combined CTB and CSO,
This results in a digital BER floor, which is a slowly changind"h'Ch both fall at multiples ofw, in the HRC frequency

function of time. This breathing problem has been observB{N, were greater than 52 dB when the carrier phases were
in field tests [11] as well as in our laboratory experiments. "andomly selecte@ < ¢, < 27. This demonstrates that the
equipment was operated under conditions representative of

good engineering practice.
VII. EXPERIMENTAL RESULTS
We have CO_nStrUCted ap S;'Channel HRC h.eadend' ThiSNationaI Cable Television AssociatioNCTA Recommended Practices for
headend contained 81 Scientific Atlanta 6350 video modul@easurements on Cable Television Systeing, ed., Oct. 1993.
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Fig. 18. Broad-band spectrum of the coaxial transmission system measu
at the end of line tap following the three General Instruments 750-MHz coaxi
amplifiers. Input spectrum to the first amplifier consists of 81 channels of live

NTSC video together with a 64 QAM 30-Mb/s signal at 583 MHz with &9 19. A 5-MHz-wide spectrum centered at 552 MHz, as in Fig. 18. Zero
level 10 dB below the analog level. Optimal peak/rms phases. phase (worst case). This is adjacent to the last NTSC channel (video carrier

at 546 MHz). The audio carrier of the highest NTSC channel, which is
carrying live audio, falls at 550.5 MHz. This audio carrier is 15 dB below

Using this equipment we were able to measire the digiff, 2o o e S4CMHz wideo-carer syt and e 15 itz beow the
performance of 64 QAM modems over long time periods witfian). The spectrum of the live video is shown on the left side of the figure.
various power levels relative to the analog signals and variolft intermodulation power is shown to be 14.5 dB at 552 MHz.
sets ofp,, for the analog signals. In addition, MPEG video sig-
nals were carried using commercial 64 QAM frequency tran¥he portion of the spectrum shown in Fig. 19 is adjacent to
lation equipment and 64 QAM modems. Long-term digitahe last NTSC channel (video carrier at 546 MHz). The audio
BER measurements, for various phase conditions and digitedurier of the highest NTSC channel, which is carrying live
channel frequencies were made on the system using 64 QAMdio, falls at 550.5 MHz. This audio carrier is 15 dB below
cable modems driven by BER test sets and compressed digiited peak of the 546-MHz video-carrier sync tip and is 1.5 MHz
video signals. The results of these measurements demonstrateldw the intermodulation distortion product which falls at 552
the importance of video-carrier phase control to digital-sign®MHz (HRC frequency plan). The spectrum of the live video
performance in HFC systems. is shown on the left side of the figure. The C/I (second-order
The composite wide-band signal consisting of 81 vide¢ third-order) is shown to be 14.54 dB at 552 MHz. When
channels carrying independent live programming together witte linear lightwave transmitter and receiver was included in
four digital signals could be set to provide peak/rms valugke system for this measurement, laser clipping caused the C/I
which ranged from 22 to 5.5 dB. The technique used to set tfer the 64-QAM digital signal was less than 0 dB.
video-carrier phases produced a stable system. For exampldsig. 20 shows a 5-MHz-wide spectrum centered at 552 MHz
with the carrier phases set to produce a peak/rms valuetaken under the same conditions as in Fig. 19, except that the
5.5 dB, the system was designed to maintain these conditiaradues of¢,, have been set to minimize the peak/rms value
indefinitely. of the broad-band waveform. As in Fig. 19, the spectrum of
Fig. 18 shows the broad-band spectrum of the coaxidle live video is shown on the left side of the figure. The C/I
transmission system measured at the end of line tap followi(gecond-ordert+ third-order) is shown to be 56.72 dB at 552
the three General Instruments 750-MHz coaxial amplifiers. MHz. The improvement over the results shown in Fig. 18 is
this measurement, the linear lightwave transmitter and receiveter 42 dB.
were not used in the distribution system, thus removing theFig. 21 shows the broad-band spectrum from 550 to
laser clipping nonlinearities from the results. The amplifier850 MHz taken under the same conditions as Fig. 19 where
have been adjusted with 10 dB of up slope from 50 tihe values ofg, have been set to zero to maximize the
750 MHz. The input spectrum to the first amplifier consistseak/rms value of the broad-band waveform.
of 81 channels of live NTSC video together with a 64-QAM Fig. 22 shows the broad-band spectrum from 550 to
30-Mb/s signal at 583 MHz with a level 10 dB below theé’50 MHz taken under the same conditions as Fig. 20 where
analog level. The values af,, have been set to minimize thethe values of¢,, have been set to minimize the peak/rms
peak/rms value of the broad-band waveform. value of the broad-band waveform. The improvement over
Fig. 19 shows a 5-MHz wide spectrum centered at 532g. 21 ranges between 30 and 40 dB. Since we were not
MHz, measured under the same conditions as Fig. 18 wilking 6-MHz-wide bandpass filters with RF preamplifiers
the exception that the values ¢f, have been set to zero toto reduce the noise figure of the spectrum analyzer in this
maximize the peak/rms value of the broad-band waveforrmeasurement, the dynamic range of this measurement, and
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Fig. 22. Same conditions as Fig. 21 except that optimal peak/rms phases
are used. The improvement over Fig. 21 ranges between 30-40 dB. Since
we were not using 6-MHz-wide bandpass filters with RF preamplifiers in

Fig. 20. As in Fig. 19, with optimal peak/rms phases. The intermodulatidhis measurement, the dynamic range of this measurement is limited by the

power is shown to be 56.7 dB at 552 MHz. The improvement of the resuff@ectrum-analyzer noise.
of Fig. 16 is over 42 dB.

the standard noncoherent headend has been demonstrated. An
experimental coherent CATV system consisting of 81 live
video channels and four 64 QAM digital channels has been set
up. The measurement results confirm the analysis and prove
that the phase-controlled HRC headend is a viable method
for both performance improvement and cost reduction in HFC
CATV systems.

APPENDIX A

We could have obtained the result of (29) by the following
argument based on the method of stationary phase for the
analog continuous case as discussed in [4]. Following [4, pp.
41-42], the stationary-phase conditions are prescribed by

¢'(t) = w and¢’(w) = —t. (A1)
Let #(¢) = w(t) and ¢/ (w) = —74(w), then (A1) becomes

Fig. 21. Broad-band spectrum from 550 MHz to 750 MHz. Amplifiers have w=w(t) t=r4(w). (A2)
been adjusted with 10 dB of up slope from 50 to 750 MHz. Zero phaﬁs_e .
(Worst Case) as in F|g 19. rom the above, we Obtaln
-1
w(t) =74 (1). (A3)

thus the improvement in measured Cl/I,

, is limited by theqation (A3) shows that the instantaneous frequency function
spectrum analyzer noise.

w(t) and the group-delay functior;(w) are inverse functions

of each other. This important property of the principle of sta-
VIIl. CONCLUSIONS tionary phase will become the basis for the system’s equalizer

We have presented a general approach (both in the fegsign (to be subsequently discussed).

quency and time domains) to the distortion optimization in For the flat-spectrum case, as shown in (22)

a phasg-cpntrolled. HFC CATV systgm. The cla_lssic concepts 0/ (t) = 2bot + by, te (0, 7)

of ambiguity function and the principle of stationary phase _

have been applied to the control of video-carrier phases e obtain

minimizing the intermodulation distortions in the digital bands. _ (w—=1bp)

Based on the theoretical analysis, numerical techniques have t= 2bs

been developed to minimize the peak/rms ratio of the broa/g— Ivi

Al h

band signal and the second- and third-order intermodulatioﬁJp ying (A1), we have ;
. ) ) W —

products and applied to an 81-channel HRC headend. Drastic ¢ (W) = —7a(w) M (A5)

distortion improvement of the phase-controlled headend over 2bo

. (A4)
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Hence second-order distortion is the integral @j(¢) over a period
(w — by)? = 2r/w,, we can discard all of thé cos (4 + B) terms and
Plw) = TR bo. (AB) we can discard the terms #icos (A — B) that involve A and

_ . _ B from different Kw, frequency components in the power
Replacing the continuous by the discrete frequency compo-calculation because they are harmonicsvgf Therefore, the

nentskws, k =1, ---, N, we have second-order distortion power becomes
kws — by )2
or = Pplhw,) = _% + bo P
_ 1 2 2 2
which is the same as (29). - 5{ Z ’ A+ Z ’ A o 2_: ’ Anm}
Following the development discussed in [4], the relation nam=ka natm=ke nEm=Ka
between the envelope(t)| of (15) and the magnitude of its + Z ZAKl,iAls’l,j
Fourier transformi/(w) = |U(w)|e’#“) is given as i j
i7]
¢ (w)| ~ 1 |U(w)|227 for w = wy, (A7) + €08 [Prbmeicy, i — Prkm=icy, 5]
2m Ju(?)] + Z Z Ar,, iAK,,
or its dual relation (4;») J
i#Ej
+ 2
16" (t)] ~ 27 7||;;E ))||2, for t = 7. (A8) © COS [Prtm=Kaz,i — Pntm=K,, j]
W
+oee Z Z Ay i Ak,
For constant envelope FM signals having minimum peak-to- PR
rms ratio, we obtain from (A7) (i)
de (CU) Y ) + COS [d)nzl:rnzKM,i - d)nzl:rnzKM,j] (B‘?’)
dw W)l e |UW) (A9) where the terms following the first bracketed term are due to
Hence the cross-product terms in (B2) that are of the same frequency
with n £m = K, but of distinct set ofn, m); Ax ; = An. m
Ta(w) = /cl|U(w)|2 dw + cs. (A10) with n+m = K and: denotes the distinct set ¢f, m); and

Prdm=K,i = ¢nEdnm With nm = K and the corresponding
Equation (A10) is the basis for the determination of the carriéth distinct (n, m) set.
phases for a general spectral shape. It is also the basis for thé/e now apply the above analysis to the CATV's HRC
equalizer design when the transmitted signal undergoes lin&quency plan with frequencies starting at 54 MHz. Using

distortion in the system. the quadratic-phase relationship of (29) for the flat-spectrum
case, at theath harmonic ofw, = 6 MHz
APPENDIX B b =do+(n—8)dy + (n —8)2dy (B4)

We shall show that the parametric plot of the second-orde
distortion power of any frequency band versus the third-ord
distortion power of any other frequency band as a function
of dy andd, is a closed curve, which is generally an ellipse. ¢, + ¢,, = (do £ do) + [(n —8) & (m —8)]d;
First consider the second-order distortion voltage in (2). The +(n—8)? £ (m — 8)] ds
second-order distortion product at the frequerieyt m)w; 9 (n+m) — 16
o) {" G o

eren =9, 10,---, (N + 8) for an N-channel system.

is of the form =
(n—m

Apm cos[(n £ m)wst + (¢n £ ¢ (B1) + {(71 — 8)2 +(m— 8)2 }d (B5)
_ 2 _ _ 2 2.
where A,y = Banam, andg = % for n # m and g = 1 for (n—8)%—(m—8)
n = m. We calculate the power of the second-order distortiadBenerally, d, is constrained by the number of channels in
over any frequency band by squaring the sum of all (B1) ternttse system, and is typically approximately equal #gN.

over the band of interest Therefore, for a fixedds, a typical cosine term inside the
2 second bracket of (B3) will be either of the form
v3(t) = {Z A cos [(n £ m)wst + (dn + ¢"l)]} - (B2) cos [2dg — 16 d; + d> - function of (n, m)]  (B6a)
n, m or

For example, the frequency components of interest are spec-

ds - function of (n, B6b
ified atw = Kw,, K = K1, Ky, ---, Ky That is, in (B2) cos [d> (n, m)] (B6b)
we include all terms such that+m = K, n+m = Ko, ---, Wwhich is periodic ind, and d; with periods equal tar and
andn +m = Ky (with n, m =1, 2, ---, N). Expanding 2r/16, respectively. Since all the cosine terms in (B3) are

(B2), each term is of the forros (A) cos (B), which is equal periodic with respect t@, andd;, we can combine all of the

to 1cos(A + B) + 5 cos (A — B). Since the power of the cosine terms which have the same period in (B3) to become a
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b Epm o =(doEdoEdo) +[(n—8)F(m—8) £ (k-8)]di+[(n—82+(m—-8)2+(k-28)%do
3 (n+m+k)—24
=¢ 1do+<¢(n+m—k)y—8or(n—m+k)—8 pd;
-1 (n—m-—Fk)+8
(n—8)2 4 (m—8)2+ (k—28)2

+d(n =82+ (m—8)2—(k—820r(n—8)2—(m—8)2+(k—8)? bdy. (B9
(n=8)% = (m—8)% — (k—8)?

single cosine term as a function @§ andd; plus a constant which is also periodic inl, andd;. However, if (B8) contains
term which is a function ofl,, i.e., both terms involving cosine ofddy — 32d;] and cosine of

_ [2dp — 1644 ], then (B8) no longer can be combined as a single
Py = Ay + By cos [2dy — 16d) + Ca(dy)] B7)  osine term as in (B7), but is of the form

where A, and B, are generally functions ofs.

For the third-order distortion power, we follow a similar Py = A3 + By cos[2do — 16d; + C3(dy)]
argument and apply it to the third-order distortion voltage + D3 cos [4dg — 32d; + E3(d2)]  (B11)
given in (3). Assume that the frequency components of interest )
are specified atv = Kuw,, K = K,, Ky, -+-, Kp. Then where A3, Bg, anqu are generally_functmns qb. We see
similar to P, in (B3), the third-order distortion power is giventhat (B11) is periodic indy and d, with the period equal to
by 7 for dy and the period o2x/16 for dy, but is not a cosine
1 waveform (with respect to the arguments and d;), unless
Py== Z A? D3 is identically zero.
2 ndmik=K, From (B9), it is clear thatD; will be zero (i.e., no cosine
1 5 of [4dy — 32d;] term) if there is no third-order distortion
- 2 Z Age + product of the typer{ — m — k). In our CATV application,
nabmatk=K, the frequency band above the analog-carrier band is of interest
+ 1 Z A2 for digital transmission. Over this band, there will be no third-
nbmE k=K s order distortion product of the type: (— m — k). Therefore,
n Z Z Ao An with D3 equal to zero, (B11) aF; is the same form as (B7) of
‘ D P5. Both equations then prescribe an ellipse in the parametric
(i;j) I plot of P, versusPs asd, or d; is varied over a period. Since

the argument of the cosine [8d, — 16d;] for both P, and
P3, one can fix the value ofly and trace the same ellipse
+ Z Z Arey,iAK,, by varying d; or vice versa. In any case, (B7) and (B11)
G ;j) J together pres_crib.es a closed curve in th.e parametrig plét of
cos [ ki ] versusPs, which is generally elliptical, since in practice there
nbmAk=1,i T Pntmik=K;, j are many more third-order distortion products of the types
+--+ Z Z Ar,iAK n +m + k andn + m — k combined than those of the type
K n —m — k, resulting inDs much smaller tharBs.
(i#4) Using similar arguments, it can be shown that parametric
- CO8 [Ppbmth=K i — Pntmth=ry, ;]  (BB) plots of the peak/rms ratio (or more precisely the (peak/Ans)
where A ; = Apmi = Banamay, With n£m + k = K and plotted against?, or P; also form closed contours with the

- COS [Prtmah=Ky,i — Prnkmtk=K1, ]

i denotes the distinct set ofi(m, k), and ¢, Lmirer,; = PeMod indi equal to2r/16.
On £ P £ &, With n £ m + k£ = K and the corresponding
ith distinct @, m, k) set. The constant factof is equal REFERENCES
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