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ABSTRACT

New emerging digital modulation-
demodulation (modem) and coding techniques
suitable for spectrally and power efficient digital
TV and HDTYV distribution systems over coaxial
cable and subcarrier multiplexed (SCM) fiber
optics systems are described. Efficient and
robust modulators/demodulators (modems)
combined with low redundancy forward error
correction (FEC) - integrated circuits attain a
spectral efficiency in the 2 b/s/Hz to 7 b/s/Hz
range and a bit error rate (BER) in the
10-7 to 10-10 range. Recently developed VLSI-
ASIC chips, having a universal QPSK-QAM-
QPRS modem architecture combined with FEC-
chips, operating up to 100 Mb/s, with a 3% to
10% redundancy will enable the transmission of
30 Mb/s rate (or even higher bit rate) digitized TV
signals in one conventional analog TV band.

Requirements for FDM shared analog and
digitized TV distribution systems are highlighted.
The performance of a new class of QPRS filtered
modems invented by the author is compared to
conventional QPRS and QAM-8-PSK cable
systems. The performance advantages of our
new class of “above Nyquist rate” modems and
of an operational SQPRS (staggered) QPRS
system developed by Digital Radio Laboratories
are highlighted.

1 DEM AND DED MODEM
ARCHITECTURE R DIGITAL
ABLE TELEVIST AND FIBER

PTI DISTRIBUTI

Numerous modulation/demodulation
(modem) architectures have been implemented
and considered for digital cable TV and
subcarrier multiplexed (SCM) fiber optics digital
TV distribution systems. From simple QPSK, 8-
PSK to more advanced coded 64-QAM and even
1024-QAM cable systems have been designed
and studied.

In general, the purpose of increasing the
number of modulation states is to increase the
spectral efficiency expressed in terms of b/s/Hz.
For example, a theoretical QPSK system could
transmit 12 Mb/s while a 16-QAM system 24
Mb/s in a 6 MHz wide video channel. The
theoretical spectral efficiency and BER = f(C/N)
performance of ideal coherent a = 0 filtered
(raised-cosine-Nyquist filtered with a roll-off
parameter of a = 0) uncoded modems is
illustrated in Figure 3 and 4. The practical
spectral efficiency is typically 5% to 50% below
the theoretical values of QAM systems and is 4%
to 30% above the “theoretical ISI-free” values for
QPRS systems [1; 6; 11; 12; 13]. Steep filters,
having an a = 0.1 to a = 0.2 and 60 dB out-of-
band rejection have been used in several modem
designs [1; 2] in order to approach the theoretical
spectral efficiency limit of QAM, within 5%.

For example, in the DigiCipher radio
broadcast system [J.A. Kraus, 18] trellis coded
and Reed-Solomon FEC coded 16-QAM and 32-
QAM a 19.51 Mb/s and a 24.39 Mb/s rate
modulated signal is transmitted in bandwidth of 6
MHz. This corresponds to a 19.51 Mb/s: 6
MHz = 3.25 b/s/Hz (as compared to a theoretical
uncoded of 4 b/s/Hz for a =0, 16-QAM system.

For the DSC-HDTV (Digital Spectrum-
Compatible High-Definition Television) system
of Zenith [Luplow & Fockens, 8], the
transmission of 11.1 Mb/s and of 21.0 Mb/s data
(representing the digitized video, audio, ancillary
data and error protection bits) 2-level VSB and 4-
level VSB pilot aided methods are described [8].
The symbol rate is 10.76 M Symbols/second.

For the ATVA-Progressive System, a
19.43 Mb/s rate, 16-QAM system is described
for the 6 MHz wide video channel [10].

For relatively lower data rate cable systems
(1.544 Mb/s to 2.048 Mb/s) and hybrid FDM,
analog video and digital data cable systems, more
spectrally efficient modems have been
implemented by our design teams including 256-
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Fig; 1 Eﬁiperimental 45M b/s coherently i OO OROBLCLEGOB00E O L
demodulated I-channel of a 64-QAM system P L EREILIIIIIlilill]
with a = 0.1 filtering [1 and 2]. ‘

Fig. 2 Measured constellation of a
1024-QAM subsystem [1 and 2].
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Fig. 3 Theoretical bit rate efficiency of uncoded-modulated coherent systems as a

function of the available C/N at P(e) = 10-8. The average C/N is specified in the double-
sided Nyquist bandwidth which equals the symbol rate. Ideal a = 0 filtering has been
assumed. Shannon limit is for coded-modulated systems [1 - 5].
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QAM modems which achieve a practical spectral
efficiency of 6.66 b/s/Hz specified at the 60 dB
out-of-band attenuation point [1; 2; 14]. A
practical block and implementation diagram of an
FEC-coded 256-QAM modem (could be
extended to 1024-QAM) modem is illustrated in
Figure 5. Even though our modem designs
incorporate advanced baseband adaptive time
equalizers (BATE) (fully digital), we found that
the residual group delay, i.e., group delay and/or
echo not equalized by the BATE and IF adaptive
equalizer could significantly degrade the
performance, as illustrated in Figure 6. We also
found that by “staggering” or “offsetting” the
256-QAM or 1024-QAM systems, for short S-
QAM we could reduce the sensitivity of the cable
system to residual imperfections, see Figures 5
and 6. Experimental field data of one of our
(2196, 2136)-BCH-FEC coded (2.7%
redundancy) 256-QAM cable systems is
illustrated in Figure 7 - Figure 9. For a BER =

10-6 our 256-QAM required a C/N = 32 dB and
had a spectral efficiency of 6.66 b/s/Hz [2].
Extensive field experiments over LOS hybrid
microwave and coaxial cable systems indicated
that 99.875 percent or better EES (error free
second) performance could be obtained with
these modems over regenerative spans exceeding
1000 km and excellent performance was also
obtained on the cable system between
Vancouver, Canada and Hawaii.

Probably one of the most spectrally efficient
digital modulation cable systems studied so far
has been the 1024-QAM system described by
Feher in [2]. See the experimental
constellation/hardware photograph of Figure 2.
Evidently such an efficient system having the
theoretical potential of 10 b/s/Hz and practical
potential of more than 9 b/s/Hz requires an
increased C/N requirement and very advanced
complex equalization and interference (including
echo) cancellation subsystems. For a 6 MHz
video channel, a future 1024-QAM system could
have the potential of 54 Mb/s. However, it could
take some time prior to design completion and
implementation of these types of systems.

Simpler, more robust modem architectures
have also been considered for digital TV and
digital audio cable distribution systems and for
SCM fiber optics system applications [15-
17]. A spectral efficiency in the 2 b/s/Hz to 3
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b/s/Hz range has been found to be a good
compromise for low C/N requirements, robust
performance and low cost ASIC
implementations.

Among the simplest and most robust digital
modems are the BPSK, G-MSK and QPSK [1].

For a raw BER = 10-6 a low C/N in the range of
8 dB to 14 dB is sufficient. The spectral
efficiency of these modems is less than 2 b/s/Hz,
that is, these modem architectures are not suitable
for spectrally efficient digital cable TV and digital
audio cable distribution applications. Among the
robust, i.e., low C/N operation, modems 8-PSK
and staggered 9-state QPRS or S-QPRS are of
significant interest. For coaxial cable and for
SCM fiber optics systems [15], 8-PSK modems
have been considered by several corporations. A
brief comparative study of these techniques is
highlighted in the next section.

2, COMPARISON OF 9-OPRS AND 8-
PSK SYSTEMS: MULTIPLEXED
DIGITAL _AUDI ABLE, TV _AND

SCM FIBER SYSTEMS

QPRS and S-QPRS systems offer several
advantages over 8-PSK systems, including a 3
dB lower C/N requirement, simpler architecture,
less sensitive to filter imperfections including
group delay or cable roll-off, and more robust
performance in a phase noise dominated channel.
The 3 dB lower C/N could be potentially even
further reduced, i.e., to a lower C/N with non-
redundant QPRS error correction and/or Viterbi
decoding.

The 8-PSK system has 3 b/s/Hz theoretical
spectral efficiency, while the Nyquist rate for 9-
QPRS is 2 b/s/Hz. However, as highlighted in
our publications and patent [1; 12-14], we note
that the practical spectral efficiency of 8-PSK
systems is in the 2.5 b/s/Hz range with more
complex filters - leading to significant system
sensitivities. The practical spectral efficiency of
the 9-QPRS system is in the 2.2 b/s/Hz to 2.6
b/s/Hz range. It has been proven by numerous
organizations (since Dr. Lender’s discovery
around 1960) that it is feasible to transmit with
simple/robust hardware significantly above the
Nyquist binary rate with 3-level partial response
(PR) signals - which are the baseband part of 9-
QPRS modems. See Lender’s chapter in [4].



b/s

e e —en
'r' Contro!
L Signal_

Diff. Gray

[}
' 1
A ! Encoder Encod: 3
1 \ MOD. )
Digital FEC S/P . 3 Roofing |
Interface = Encod " N P . Filter
‘ : Dift. Gray /A " "]
' 1

Encoder| © |[Encoder| ~
PSRN U ) SO UG UG - i Q
(] (] | Y- Carrier/pilot
° Generator

BE Rmonil:r Power Clock o
alarms remote Supply
control N
Diff. Gray ~ Demodulator
Decoder Decoder Dual ¥ Adaptive oSt
ac o FIs BATE A/D AGC Equalizer Filter
Intertace Decoder -
Gray ~ L 3
Decoder Decoder
CR Pilot
[ e et ] A
et Extraction
| Signal ("

10
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Fig. 8 256-QAM experimental eye diagram
having a practical spectral efficiency of 6.66

b/s/Hz.

10 T T 1 T T
F
10
=
)
o
o
10 |
Ple) -
— X
-7
10 |
- X
B No FEC
-8
10 |WithFEC eal
— 256 QAM
-
.
10 , ' ] 1 3 i L1 1

30 31 32 33 34 35 36 37 38 39 4« p

C/N at IF (dB)

Fig. 7 Experimental 256-QAM-FEC coded
performance in cable systems and LOS
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Fig. 9 Constellation of a 256-QAM
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The theoretical BER = P(e) = f(C/N)
advantage of 9-QPRS systems as compared to 8-
PSK is illustrated in Figure 4 and Table 1.

Table 1 Reduced C/N requirement of 9-OPR as
compared to 8-PSK in AWGN systems. The 9-
QPR system is about 3 dB more robust than the
8-PSK system.

9-QPR 8-PSK
104 13.5dB 16.5dB
106 16 dB 19 dB
10-8 17.5 dB 20.5dB

The practical efficiency of 8-PSK is in the
2.5 b/s/Hz to 3 b/s/Hz range if an out-of-band
rejection of 20 dB to 30 dB is sufficient. For
cable TV applications, we assume that an
integrated our-of-band spectral rejection of about
60 dB is required, thus the practical efficiency of
8-PSK is assumed to be less than 2.5 b/s/Hz.

An additional advantage of 9-QPRS systems
(as compared to 8-PSK) is that they are
approximately 3 dB more robust to phase noise
[1; 14]. For example, at BER = 106 the
integrated phase noise requirement is (C/Np) =
23 dB for a 2 dB degradation in case of 8- PSK
while it is only 20 dB in case of 9-QPRS. thus
the 9-QPRS has an additional 3 dB phase noise
advantage.

Increased capacity-improved performance
QPRS systems, i.e., 3 X 3 =9 state; 7 X 7 = 49-
QPRS and even 15 x 15 = 225-QPRS systems
can be designed by using a new invention (see
[13], patent by Feher et al.). The advantage of
the patented QPRS are illustrated in Figs. 14 and
15. A capacity increase of 8% without increasing
the number of  states and thus the C/N
requirement is attained in the experimental results
of Fig. 15.

RL’ E PR
PLEXED DIGITAL AUDI
ABLE BROADCAST SYSTEM

Staggered 9-QPRS or S-QPRS systems have
additional advantages as compared to
conventional QPRS. In references [1; 11; 12], it
is demonstrated that staggering reduces the peak-
factor and the potential intermodulation problems
and leads to simpler, better performance coherent
demodulator design. In Figure 10, the
constellation diagram of a 9-state SQPR digital
cable system is presented, courtesy of Digital
Radio Laboratories (DRL), Carson, CA. The
DRL modem, 9-SQPR is the ‘industry first’
operational staggered QPRS cable system
implemented in ASIC, see Figure 11. The 9-
QPR modem is currently in operation, see Figure
12. The DRL digital audio system carries 18.56
Mb/s data, i.e., two 9.28 Mb/s in two 4 MHz
SAW filtered channels. Exceptionally high
fidelity MUX (multiplexed) digital audio
channels and commercial free music and audio is
distributed to cable broadcast systems and
directly into homes.
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Fig. 10 Constellation and eye diagram of a SQPR digital cable system operated at an
9.28 Mby/s rate. Courtesy of Digital Radio Laboratories, Carson, CA [6]. .

igi i i igi d other highest quality
ig. 11 Cable TV - digital audio receivers for Digital Planet an
flllgio rlecei?/ers. ASIC irgnplementations by Digital Radio Laboratories of Ca(riso;l, CA[xGI]ed to
a compact size, versatility and low-cost original-proprietary SQPR systems design [6].
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Fig. 12 Digital Audio Cable System of Digital Radio Laboratories (DRL), Carson, CA.
This original ASIC implemented staggered SQPRS already operational cable system
outperforms conventional 8-PSK systems, see T able § and [6].
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Fig. 13 Spectrum of a 64-QAM linearly and nonlinearly amplified (NLA) system.
Spectral regrowth and interference into adjacent TV channels [7 and 11].
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Fig. 14 Conventional 225-QPRS (15 X 15 baseband) operated at 4% above the Nyquist
rate with 6.24 b/s/Hz-computer simulation [1; 12; 13] leads to closed eye diagrams.

mV/div

Fig. 15 New 49-QPR and other QPR filter methods, see Feher et al. Patent [13], enable
transmission above the Nyquist rate. In this hardware experiment, instead of 4 b/s/Hz we

had 4.32 b/s/Hz (an 8% increase and “open eye diagrams™ [1; 4; 11; 12; 13].
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