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ABSTRACT

Itis highly likely that 10 Gigabit Ethernet over copper (10GBASE

T) transceivers will use a 10-level pulse amplitude modula-
tion (PAM10) as well as a 4D trellis code as in 1000BASE-

T. Traditional trellis coded modulation scheme as in 1000BASE-

T leads to a design where the corresponding decoder with a
long critical path needs to operate at 833MHz. It is dif-
ficult to meet the critical path requirements of such a de-
coder. To solve the problem, two interleaved trellis coded
modulation schemes are proposed. The inherent decoding
speed requirements are relaxed by factors of 4 and 2, re-
spectively. Parallel decoding of the interleaved codes re-
quires multiple decoders. To reduce the hardware over-
head, time-multiplexed or folded decoder structures are pro-
posed where only one decoder is needed and each delay
in the decoder is replaced with four delays for scheme 1
and two delays for scheme 2, respectively. These delays
can be used to reduce the critical path. Compared with the
conventional decoder, the folded decoders for the two pro-
posed schemes can achieve speedups of 4 and 2, respec-
tively. Simulation results show that the error-rate perfor-
mances of the two schemes are quite close to that of the
conventional scheme.

1. INTRODUCTION

10GBASE-T is the next generation high-speed Ethernet LAN.
It will serve as a follow up to the Gigabit Ethernet over
copper medium (1000BASE-T). Currently, the IEEE 802.3
10GBASE-T study group is investigating the feasibility of
transmission of 10 Gbps over 4 unshielded twisted pairs [1].

Like 1000BASE-T, I0GBASE-T achieves 10 Gbps through-

put with four wire pairs and eight transceivers (four at each
end) with 2.5 Gb/s data rate, as shown in Fig. 1. According
to the proposals presented in the IEEE 802.3 10GBASE-T
study group, I0GBASE-T will probably use a PAM10 com-
bined with a 4D trellis code as the basis for its transmission
scheme. The symbol rate of this scheme is 833 Mbaud with
each symbol representing 3 bits information. Coding 3 bits

of information requires only 8-level PAM constellation. The
additional two levels are used for control signals as well as

the 4D trellis code in order to improve the performance of

the 10GBASE-T transceivers.

Fig. 1. 10 Gigabit Ethernet over UTP

Figure 2 shows the block diagram of the 10GBASE-T
transceiver, which is adapted from that of the 1000BASE-T
transceiver in [2, 3]. Except for the PCS (Physical Coding
Sublayer), the diagram shows only the processing blocks
for one wire pair. The other three have a similar block di-
agram. The PCS block generates four 1D symbols, each
representing 3 bits of data, for the 4 channels. Then the cor-
responding symbol for each channel goes through shaping
filter, D/A converter, hybrid, and finally is coupled to the
twisted pair wire.

Fig. 2. Block diagram of the 10GBASE-T transceiver

On the receive path, the received analog signal is first
digitized using an A/D converter with 833 MHz. The out-
put of the A/D converter is filtered by an adaptive feedfor-
ward equalizer (FFE) which performs channel equalization
and precursor ISI (inter-symbol interference) cancellation.
Echo from the transmitter corresponding to the same chan-
nel and NEXT from the adjacent channels are cancelled
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with respective adaptive cancellers. The joint decision feed-
back equalizer and trellis decoder (JED) is used to remove
postcursor ISI and decode the trellis code.

Several approaches can be used to implement the JED.
In presence of ISI and additive Gaussian noise, it is well es-
tablished that the maximum-likelihood sequence estimation
(MLSE), implemented by the Viterbi algorithm, can provide
optimal performance in terms of bit error rate. However,
the complexity of the algorithm is exponential with the sum
of the channel memory length and the trellis code memory
length. Thus it is highly desirable to reduce the complex-
ity of the detection technique while retaining near optimal
performance. One of the most powerful approaches for do-
ing so is called parallel decision-feedback decoding. In this
approach, an independent feedback signal is computed for
each path in the Viterbi decoder, as the convolution of the
sequence of symbols associated with that path, and the coef-
ficients of the feedback filter of the decision feedback equal-
izer [4, 5].

If the trellis coded modulation is used in a conventional
way as in 1000BASE-T, the decoding speed requirement for
the corresponding parallel decision-feedback decoder referred
to as T-PDFD (which means PDFD for the traditional en-
coding and modulation scheme) is 833 MHz. However, the
implementation of the PDFD operating at 833 MHz is ex-
tremely challenging because of its long feedback loop in the
decoder strcture.

In this paper, two interleaved trellis coded modulation
schemes are proposed, which can relax the decoding speed
requirement by factors of 4 and 2, respectively. Parallel
decoding for scheme 1 requires 4 PDFDs (referred to as
S1-PDFDs) while it requires two decoders (S2-PDFDs) for
scheme 2. To reduce the hardware overhead, we also pro-
pose use of area-efficient time-multiplexed or folded de-
coders for the two schemes, referred as FS1-PDFD and FS2-
PDFD, respectively. The critical path of the FS1-PDFD is
only one fourth of that of an S1-PDFD while the critical
path of the FS2-PDFD is only half of that of an S2-PDFD.

The idea of interleaving is similar to that in [6]. How-
ever, interleaving is exploited for 4 wires instead of one ca-
ble in [6]. In addition, either a folded or a parallel decoding
structure can be used.

The rest of the paper is organized as follows. In sec-
tion 2, the traditional trellis coded modulation and decoding
scheme adapted from 1000BASE-T is reviewed. Section
3 describes the proposed interleaved trellis coded modula-
tion and decoding schemes. Section 4 compares the perfor-
mance in terms of error rate for the proposed schemes and
the conventional scheme.

2. TRADITIONAL TRELLIS CODED
MODULATION AND DECODING

In this section, first, the trellis coded modulation based on
1000BASE-T is described. Next, the straight-forward im-
plementation of a T-PDFD and its critical path are reviewed.

The 4D trellis code is similar to the one in 1000BASE-T.
The difference is that the symbol alphabet is now changed
to{-9, -7, =5, =3, —1,1, 3,5, 7, 9}, and the two
1D subsets A and B become {—-9, — 5, —1, 3, 7} and
{=7, =3, 1, 5, 9}, respectively. The formation of 8 4D
subsets, SO through S7, is similar to that in 1000BASE-T
[2, 3], but each 4D subset now contains 1024 4D symbols,
and accordingly, the number of parallel transitions for each
state transition becomes 1024.

The trellis coded modulation can be used in a traditional
way as in 1000BASE-T, where four wire pairs share a trel-
lis encoder, as illustrated in Fig. 3. Each time, the encoder
takes 12 bits of information and converts them to a 4D sym-
bol at a speed of 833MHz. Each 4D symbol contains 4 1D
symbols. The four 1D symbols are transmitted over the four
pairs with one dimension per pair.
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Fig. 3. Traditional encoding scheme
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Decoding scheme for the traditional encoding

Fig. 4 shows the corresponding decoding scheme. To
meet the throughput requirement, the joint equalizer and
decoder (or the T-PDFD in this paper) needs to operate at
833 MHz. The architecture of the T-PDFD is shown in Fig.
5. It is similar to the one for 1000BASE-T, which is de-
scribed in detail in [3]. The T-PDFD consists of a 1D BMU
(branch metric unit), a 4D BMU , an ACSU (add-compare-
select unit), an SMU (survivor memory unit) and a DFU
(decision feedback unit). In the paper, we assume that the
DFU has 20 taps. As shown in Fig. 5, all of them are
inside a recursive loop which limits the throughput of the
T-PDFD. As described in [3], the critical path of a 14-tap
T-PDFD is one slicing operation, one squaring operation, 9
additions/subtractions, one 2-to-1 mux, two 4-to-1 muxes,
one register delay, and one random logic. The critical path
of the 20-tap T-PDFD is even longer. It is difficult for the



DFU

Fig. 5. Block diagram of the T-PDFD

T-PDFD to operate at 833MHz even with the latest CMOS
technology.

One common approach to solve the bottleneck prob-
lem is to develop high speed PDFD designs as those for
1000BASE-T [3, 7, 8]. However, most of the proposed
techniques may not be suitable for I0GBASE-T. For ex-
ample, the decision feedback pre-filtering technique in [3]
only works for channels where the postcursor ISI’s energy
is concentrated in the first one or two taps. Otherwise, it
may result in significant performance loss. The complexity
of [7] is exponential with channel memory length, so it is
only suitable for channels with short memory length while
the channel memory length of 10GBASE-T is substantially
longer than that of 1000BASE-T. Based on look-ahead tech-

niques, a pipelined PDFD is proposed in [8] which can achieve

a speedup of around 2. But it may still not be fast enough
as the time budget for each iteration in 10GBASE-T is only
1.2 ns.

An alternate approach is to change the encoding and
modulation scheme such that the inherent decoding speed
requirement for the decoder can be relaxed, as proposed in
the next section.

3. NEW TRELLIS ENCODING & DECODING
SCHEME

Fig. 6 shows the proposed interleaved trellis coded mod-
ulation scheme 1. From the figure, we can see that each
wire pair has its own encoder, and the encoding for differ-
ent wire pairs is independent. In each iteration, the four
encoders take 48 bit of information together with 12 bits
per encoder at a speed of 208.3MHz. Each constituent en-
coder is the same as the one used in the traditional encoding
scheme. The resulting 4 1D symbols of each 4D symbol
go through a parallel-to-serial converter and are transmitted
consecutively over the same wire pair.

Parallel

Fig. 6. Proposed trellis encoding scheme 1

Since the encoding for each wire pair is independent, the

decoding for different pairs can also be independent. Thus
four parallel JEDs (or S1-PDFDs in this paper) can be used
with one S1-PDFD per pair as depicted in Fig. 7. Each
S1-PDFD inputs 4 consecutive samples from the associated
wire pair and gives an estimate of the current transmitted 4D
symbol. The required decoding speed for each S1-PDFD
is only 208MHz which means the critical path can be four
times as long as that of the T-PDFD. The drawback of par-
allel decoding is the hardware overhead. Four S1-PDFDs
instead of one decoder are needed now.
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Fig. 7. Parallel decoding scheme for the proposed scheme 1

To reduce the hardware overhead of parallel decoding, a
folded JED (or FS1-PDFD in this paper) can be used where
the computations of the four parallel SI-PDFDs are time-
multiplexed to a single SI-PDFD , and each delay in the
S1-PDFD is replaced by four delays [9]. The silicon area
comes down by a factor of 4 compared with the parallel
decoding structure. The critical path can be reduced by a
factor of 4 after retiming the additional delays. The clock
speed can be increased by factor 4 to 833 MHz in order to
maintain a throughput of 10 Gbps.

Note that the critical path of this design is one-fourth
of the traditional design, even though both are operated at
the same clock speed! However, there is dependence among
four consecutively received samples over the same wire pair
due to ISI. Thus, the branch metric unit in the S1-PDFD is
more complicated than that in the T-PDFD. Consequently,
the critical path of the S1-PDFD is longer than that of the
T-PDFD, and the actual speedup of the FS1-PDFD will be
around 3 instead of 4. Further speedup can be achieved if
we combine some techniques such as look-ahead and pre-
computation technique as in [8].
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Fig. 8. Proposed trellis encoding scheme 2

Fig. 8 shows the proposed interleaved scheme 2. It is
similar to scheme 1. But here two wire pairs share a 4D
trellis encoder and two 4D encoders are needed. The en-



coding speed for each encoder is 417 MHz. The resulting 4
1D symbols of each iteration of each encoder are transmit-
ted over the associated two wire pairs with two dimensions
per pair. The parallel decoding scheme is shown in Fig. 9,
where two JEDs (S2-PDFDs) are needed with one decoder
per two pairs. The decoding speed requirement is only 417
MHz. Like in scheme 1, a folded S2-PDFD (FS2-PDFD)
can be used to reduce the hardware overhead. Theoretically,
the FS2-PDFD can achieve a speedup of 2 if the critical path
of an S2-PDFD is the same as that of the T-PDFD.

Joint Equalizer
& Decoder 0

Joint Equalizer
& Decoder 1

Fig. 9. Parallel decoding scheme for the proposed scheme 2

4. PERFORMANCE COMPARISON

Fig. 10 shows the symbol error-rate (SER) performances
of the two proposed modulation schemes and the conven-
tional scheme. For comparison, simulation results for un-
coded PAM10 transmission with DFEs are also presented.
In the simulations, CAT6 measurement data for the chan-
nel model from IEEE 802.3 10GBASE-T study group [1] is
used. The postcursor channel memory length is assumed to
be 20. From the figure, we can see the performances for the
three schemes are quite close. The difference is within 0.5
dB. It is expected that all of them can achieve a coding gain
of around 5 dB at an SER of 10719,

Fig. 10. Error-Rate Performance Comparison for the Three
Schemes

5. CONCLUSION

In this paper, two interleaved trellis coded modulation schemes

are proposed for I0GBASE-T, which can relax the inherent
decoding speed requirements by factors of 4 and 2, respec-
tively. Parallel decoding of the interleaved codes requires
four decoders for scheme 1 and two for scheme 2. To reduce

the hardware overhead, folded decoders are proposed where
only a single decoder is needed. If the non-folded PDFDs
for the proposed schemes have the same critical path as the
T-PDFD, the FS1-PDFD and the FS2-PDFD can achieve
speedups of 4 and 2, respectively. However, due to ISI, the
complexity of the BMU of the S1-PDFDs and S2-PDFDs
is increased, resulting in a longer critical path. Thus, the
actual speedup may be around 3 for the FS1-PDFD, and
1.5 for the FS2-PDFD. Our current work involves reduc-
ing the complexity of the BMU. Further speedup is possible
if we combine some other techniques such as look-ahead
technique. Simulation results show that the error-rate per-
formances of the proposed schemes are quite close to that
of the conventional scheme.
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