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Abstract

We present simulation based study evaluating the perfor-
mance of trellis coded modulation with combined code/ISI se-
quence estimation, for high bit rate (800Kbits/sec) transmis-
sion on subscriber loops. The receiver contains the fractionally-
spaced forward filter of a decision feedback equalizer (DFE)
as a front end ; this is shown to suppress phase-synchronized
crosstalk very effectively. The performance is further enhanced
by the use of a trellis code with a large number of states, and a
M-algorithm sequence-estimating receiver with a smaller num-
ber of states.

1. Introduction

Channel capacity tesults for the digital subscriber loop
(DSL) systems presented in [Jos87) indicate that digital trans-
mission at bit rates significantly higher than 160 Kbits/sec is
possible on loops in the carrier serving area (CSA). Several
transmission schemes such as multichannel transceiver [Tu89]
and trellis precoding [Eyu90] are being studied to achieve high
bit rate (800Kbits/sec and above) on local subscriber loops.
In this work we present simulation studies for the performance
evaluation of a trellis coded modulation system with combined
code/ISI sequence estimator at the receiver.

The performance of a coded system depends on the mini-
mum distance ( dmin ) between the received sequences. Mini-
mum distances for codes of various complexity ( i.e., number of
states ) were calculated using the method proposed in [Mes73].
It was found that the severe distortion of the subscriber loop
channel necessitates the use of codes with large numbers of
states to obtain reasonable coding gain.

An efficient VLSI realization of the transceiver is one of
the major considerations in the design of the transceiver ar-
chitecture. The architecture chosen for this study consists of
a fractionally (T/2) spaced adaptive DFE(decision feedback
equalizer) forward filter followed by a sequence estimator. The
fractionally-spaced DFE forward filter acts as a pre-whitening
filter for the sequence estimator [For72],[Cio89] and has been
shown to suppress cyclostationary crosstalk [Abd89]. We eval-
uate the mean squared error performance of the fractionally
spaced forward filter under stationary and cyclostationary cross-
talk. The complexity of the sequence estimator depends on the
number of states in the receiver. Reduced complexity sequence
estimators such as M-algorithm {Moh86] and decision feedback
sequence estimators [Hal89] offer significant performance im-
provement with reasonable complexity. The transmission sys-
tem considered for this study is shown in Fig. 1. We determine

the range ( loop length ) of the high bit rate digital subscriber
loop system using an 8 state M-algorithm receiver by evaluating
the probability of error for various loop lengths.
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Fig 1. Trellis Coded Modulation System

2. Fractionally spaced receive filter

The impulse response of the subscriber loop extends over
several hundred symbol periods in high bit rate DSL. To im-
plement a receiver of reasonable complexity, it is necessary to
shorten the length of the impulse response. A fractionally
spaced receive filter can synthesize the best adaptive receive
filter so as to minimize the the mean squared error due to pre-
cursor and postcursor ISI and noise [Git81]. Hence a fraction-
ally spaced (T/2) forward filter is used as the receiver filter in
this study.

It has been shown [Fun89] that the crosstalk interference
exhibits cyclostationary behaviour when all of the interferers
are phase synchronized to the same clock and it exhibits sta-
tionary behaviour when they have randomly distributed phase.
The instantaneous power of the cyclostationary crosstalk varies
periodically with the period equal to the symbol duration, while
the power of the stationary crosstalk remains constant through-
out the symbol period. The performance (mean squared error
or SNR of DFE receiver) of the optimum fractionally spaced
receive filter was calculated for an uncoded 2B1Q 800Kbits/s
system on the worst case CSA loop (9k{t,26Gauge) under cyclo-
stationary and stationary interference assumptions. The results
are shown in table 1. A receiver structure with 21 forward and
60 feedback taps has been considered. Further increase in the
number of forward taps does not yield any significant improve-
ment in the performance. The crosstalk path power transfer
function was assumed to be k x f3/2, where k = 10~'1® which
includes the 12dB noise margin beyond the 99% worst case in-
terference level from 49 crosstalkers. It can be observed that
a significantly better performance can be obtained if the inter-
ferers are synchronized to the same clock.
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Table 1
oise Characteristics SNR in dB
Stationary 14.05
Cyclostationary 25.82

Another result that is of interest is the effect of the band-
width of the lowpass filter, at the receiver front end, on the
performance in the cyclostationary interference case. This is
due to the fact that the degree of cyclostationarity depends on
the bandwidth of the interfering process. It has been shown
[Gar75] that when the bandwidth is strictly limited to 1/2T,
then the process is stationary. The mean squared error per-
formance of the optimum fractionally spaced forward filters
for three different lowpass filter bandwidths ( 6th order but-
terworth filter with 3dB cutoff frequency at 150kHz, 200kHz,
250kHz ) was calculated. The results shown in table 2 indicate
that when the interference is band limited to 150kHz. which is
less than 1/2T, the performance is approximately the same as
the stationary case, but better performance is obtained when
the degree of cyclostationarity is increased by increasing the
lowpass filter bandwidth. The equalized crosstalk path spectra
are shown in Fig. 2 (under the assumptions mentioned previ-
ously) for the three bandwidths considered along with the sta-
tionary crosstalk equalized spectrum. The similarity between
the stationary case and the 150kHz bandwidth case is notice-
able.

Table 2
Bandwidth SNR in dB
kHz Cyclostationary Stationary
150 14.05 13.88
200 1 25.82 14.05
250 40.45 13.96

3. Minimum distance of coded system on ISI channel

Trellis coded modulation was initially proposed by Unger-
boeck [UngB2] to gain noise immunity for digital transmission
on band limited channels. On an ideal AWGN channel, coding
gains of the order of 3 to 6 dB were obtained using codes with
4 to 256 states. When these codes are used on dispersive chan-
nels, there is a considerable degradation in the coding gain.
Ketchum [Ket87] has shown that on (1-D) channel these codes
could incur upto 3 dB less coding gain as compared to that
on the ideal channel. On subscriber loop channels with severe
high frequency attenuation similar loss in the performance can
be expected. Hence it may be necessary to use more complex
codes with large numbers of states to obtain reasonable coding
gains. The trellis codes considered here use an 8 level PAM
signal set transmitting 2bits/symbol at a symbol rate of 400
Kbaud.

The performance of the coded system on a dispersive chan-
nel depends on the Euclidean distance between the received
signal sequences [For72], and the distance spectrum of the trel-
lis coded system depends on the transmitted sequence. It has
been shown [Mes73] that for an uncoded system on dispersive
channel, the minimum distance error sequences are given by rel-
atively short error sequences. We have found this to be true for
coded systems as well. The minimum distances for many ran-
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Fig 2. Equalized crosstalk path power spectra

dom transmitted sequences were calculated. Exhaustive search-
ing of all possible incorrect sequences is avoided by pruning
parts of the error tree when the unmerged error sequence has
a distance greater than that of a merged error sequence. This
prevents the exponential increase in the computation time as
the error sequence length is increased. Error sequences upto a
length of 15 symbols were considered. The distance spectrum
in Fig. 3 shows the frequency of occurence of error events with
squared distance d? in a trial of 100 different (random) trans-
mitted sequences for two different codes. Even though we did
not consider all possible transmitted sequences we expect that
the relative distances for the two codes would be the same. It
can be observed that the more complex code (with 64 states)
has a larger d,n;, compared to the simple 4 state code, and
also that the 64 state code tends to have a higher proportion
of sequences with larger than the minimum distance.

4. Combined equalization and decoding

A sequence estimation receiver is implicitly assumed in any
trellis coded modulation system. Two receiver architectures for
trellis coded modulation system on ISI channels were consid-
ered. One is a DFE, to cancel the ISI, followed by a sequence
estimator that uses the encoder trellis to decode the transmit-
ted signal. The other is the combined equalization and decod-
ing structure that uses the composite trellis of the encoder and
the channel. It has been shown [Jos88] that the performance
of the former is worse than an uncoded system with a DFE
for DSL channel with severe ISI. Hence the combined equal-
ization/decoding receiver was chosen for this study. The com-
plexity of the Viterbi receiver for the latter is prohibitively high
due to long channel response. Hence the reduced complexity
M-algorithm is used in this study; note that this algorithm can
allow fewer receiver states than the transmitter states. Prelimi-
nary estimates by us indicate that the current VLSI technology
can support the implementation of an 8 state M-algorithm se-
quence estimator. A third alternative is the trellis coding com-
bined with a modified version of Tomlinson precoding at the
transmitter {Eyu90]. While this has been found to be effective,
it requires additional coordination between the two ends, and
may complicate the echo canceller.
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Fig 3. Distance Spectrum

Simulation results for the symbol error probability were ob-
tained for 26 gauge loops of various lengths. Two codes with 4
and 64 states were considered in this study. While encoders of

different complexity were considered, the receivers had a fixed
number of states. An 8 state M-algorithm receiver with a de-
coding delay of 100 symbol intervals was used. A fractionally
spaced (T/2) forward filter with 21 taps was used to suppress
any precursor and to limit the postcursor length. The band-
width of the lowpass filter at the receiver front end is 200kHz.
The worst case interference from 49 crosstalkers was assumed
[Tu89]. A 12 dB noise margin was provided by scaling the above
level of crosstalk. The white noise power spectral density was
assumed to be -110dBm/Hz.

Figure 4a shows the performance achievable using the trel-
lis coded system with combined equalization and decoding un-
der stationary interference for various loop lengths. Also shown
in Fig. 4a is the performance of an uncoded system with a
DFE receiver. Similar results for the cyclostationary interfer-
ence condtions are shown in Fig. 4b. It can observed that the
trellis coded system can provide longer loop coverage (of course

with at least 8 times more complex receiver) compared to the
DFE system. The transmission range under cyclostationary
noise is significantly higher than that of the stationary noise.
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Fig 4. Performance of the coded system

Conclusion

In this paper we have reported a simulation study to deter-
mine the performance of a trellis coded modulation system for
high bit rate digital subscriber loop. We consider the transmis-
sion scheme with all the equalization performed at the receiver
as an alternative to the transmitter equalization. We observe
that trellis codes with large numbers of states are needed to ob-
tain reasonable coding gain on a channel with severe ISI, such
as DSL. Coded modulation along with a reduced complexity
sequence estimator (combined equalization and decoding with
fewer states) can improve the the transmission range of the
high bit rate DSL system. The results indicate that achieving
high bit rate transmission on the worst case CSA loops with
12 dB noise margin under stationary interference conditions
is not possible, while loops longer than the CSA limit can be
covered under cyclostationary interference. The bandwidth of
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the receiver lowpass filter is observed to have a significant ef-
fect on the performance of the receiver under cyclostationary
interference.
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