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ABSTRACT

[n this paper, we propose a transceiver design for the ETSI VDSL
standard that uses the discrete multi-tone (DMT)} modulation. Al-
gorithms for channel estimation/equalization, symbol synchroniza-
tion, sampling clock tracking arc designed and integrated into the
receiver architecture. Fixed-point simulation of the whole system
shows that the proposed receiver architecture is capable of very
high-rate transmission in digital subscriber loop channels.

1. INTRODUCTION

‘With rapidly growing demand for high-speed data transmission,
especially in the application of net-meeting, video on demand.
video phone, etc, the digitat subscriber lines (DSL) technology is
proposed to achieve broadband access by transmilting data over
existing telephone network mnstead of using fiber all the way to
the customers™ residence. There have been many research efforts
on providing efficient and reliable high-data-rate access scrvices
by subscriber lines, such as ADSL and HDSL, which provide a
download data rate of no more than 6 Mbps. Recently, the Eu-
ropean Telecommunication Standard Institute (ETSI) finalized the
Very-high-rate DSL (VDSL) standard to provide high-speed trans-
misston over digital subscriber lincs [1]. There are two possible
modulation schemes, single-carrier based and multi-carrier based.
The data rates of the VDSL are ten times that of the ADSL and
therefore this new standard is capable of providing almost ail mul-
timedia communication services.

The paper first introduces the bastc idea of discrete muti-tone
(DMT) and some important parameters defined in the ETSI VDSL

standard. Next, the proposed receiver architecture will be described.

All the impairments in typical subscriber lines defined in standard
are properly dealt with to minimize the degradation they may be
brought to system performance. A system made up of a standard-
compatible transmitier model, a subscriber ling channel model,
and the proposed receiver model is designed and simulated. Whole
system performance is evaluated in terms of simulated bit error
rate (BER), as specified in the standard. Integrated circuit (1C)
implementation will be shown in Section 6. Finally, Section 7
concludes this paper.

2. DMT-BASED VDSL OVERVIEW
Recently, multi-carrier modulation {MCM) has received a great

deal of attention. One promnent MCM scheme s orthogonal fre-
quency division multiplexing (OFDM) which has been adopted
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in many new-generation wideband data wireless communication
systems, such as digital audio broadcasting (DAB), digital video
broadcasting (DVB), high-speed wireless LAN (IEEE 802.11a).
Discrete muti-tone differs from OFDM only in that different con-
stellation sizes can adopted in each sub-carrier. The basic prin-
ciple of DMT is to split the transmission binary data into several
parallel data streams and transmit each of them on a separate sub-
channel using different constellation to optimize utilization of the
spectrum, Each subchannel uses a sub-carrier overlapping but or-
thogonal to the others to reduce inter-carrier interference (ICI). A
DMT symbel usually lasts longer than channel impulse response,
therefore inter-symbol interference (ISI) can be dealt with by in-
serting a guard interval between two consecutive DMT symbols.
The equalization effort is manageably simple since each subchan-
nel is narrowband.

Table 1 lists several key parameters in the ETS1 VDSL stan-
dard. The guard Intcrval duration is 20 ps, which is long enough
to cover ISTin subscriber lines less than 1500 meters. In the begin-
ning of system initialization, there are O-P-TRAINING type sym-
bols for symbol synchronization, timing offset estimation/ com-
pensation, on¢ O-P-SYNCHRO type symbol to start channel es-
timation, and O-P-MEDLEY type symbols provides sufficient in-
formation for channel estimation.The receiver exploits these pre-
determined sequences to conduct channel estimation and achieve
proper initialization. Among the 4096 used subchannels, there are
2 pilot subchannels used to assist the timing tracking task during
normal data transmission. To avoid near-end crosstalk, which is
hard to eliminate, the VDSL standard adopts a frequency-division
multiplexing {FDD) method. Figure | illustrates the VDSL band
allocation [1]. There are two possible band allocation schemes and
they are listed in Table 2.
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Figure 1: VDSL band allocation.

3. TRANSMITTER ARCHITECTURE

Figure 2 shows a VDSL. transmitter architecture, The scrambler
is used to reduce the likelihood of a long sequence of zeros or
ones. The convolutional interleaver makes burst ervors distributed
among different Reed-Solomon codewords s0 as to enhance error-
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Table 1: Parameters in ETSI VDSL standard.

Number of Sub-carner
Cyclic Prefix Length

256,512, 1024, 2048, 4096
40, 30, 160, 320, 640

Sub-carrier Spcaing 4.3125 kHz
Constellation BPSK up to 32768 QAM
Symbol Duration 250 ps

Guard interval 19.5 s

Duplex Scheme FDD

Signal Bandwidth 12 MHz

FEC Reed-Solomon code

should support (N.k)=
(144,128) and (240,224)
<10 °

Required BER

Table 2: Band transition frequencies.

Band transition f1 2 3 4 3
frequencies(kHz)
VDSL bands 138 | 3000 | 5100 [ 7050 | 12000
Optional region- 138 | 3750 ) 5200 | 8500 | 12000
specific bands

correcting capability. At initialization, control information is trans-
mitted in the lower data path. The pseudo-random bit generator
and rotator reduce the time-domain peak-to-average-power prob-
lem in the training sequence and thus make channel estimation
more robust.

4. RECEIVER ARCHITECTURE

In a DMT receiver, in addition to the FFT opecation that trans-
forms the received time-domain signal to the frequency domain,
channel impairments must alse be estimated and properly dealt
with. The DSL channcls suffer from crosstalk, additive noise, and
radio frequency interference (RFI) including broadcast RF inter-
ference and amateur RF interference [2, 1, 31, The receiver also
suffers from the timing offset due to oscillator mismatch. Figure 3
shows the proposed receiver architecture. In the following, several
signal processing techniques used in the proposed receiver will be
discussed.
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Figure 2: Transmitter architecture.
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Figure 3: Receiver architecture.

4.1. Symbol Boundary Estimation

Since the cyclic prefix of cach DMT symbol is an interval of re-
peated signal from previous time, a delay correlator is employed
to estimate the symbol boundary. This correlator correlates the re-
ceived signal with itself delayed by some times. The correlator
output can be formulated as

Ng—1

CSs(1) = Z Pidn Fitntd, (1}

n=0

where r; are the received signal samples, IV is the size of FFT,
and N g 1s the cyclic prexfix length. Once the correlator output ex-
cceds a pre-defined threshold, the receiver announces detection of
an incoming DMT symbol. The point where the maximum in the
correlator output occurs is a coarse index of the symbol boundary.
With other sophisticated algorithms, the actual symbol boundary
can be estimated.

4.2. Timing Offset Estimation and Compensation

After locating symbol boundary. the next tusk is to estimate the
timing offset and compensate for it. Since the ADC is running
freely, there are two problems that need be addressed. At First, the
sampling clock phase in the receiver is different from that in the
transmitter, which causes additional constant phase rotation. Sec-
ondly, the sampling trequency is different between the transmitier
and the receiver due to oscillalor mismatch and this may cause a
fix-rate phase rotation.

To recover the sampling clock offset, a digital timing recov~
ery loop. which consists of a timing error detector, a loop filter. a
timing controller, and an interpolator, is employed in the proposed
receiver. There are two pilot subcarriers for sampling clock offset
estimation during normal data transmission. The estimated timing
error in the nth symbol is given by [6]

OED A SIS ST VS SRR S}
ki

(2)
where the primary pilot tone (k) is chosen as 600 due to robust-
ness through all channel scenarios and the secondary tone (1) is
adjustable to get better result in different channels. The two dom-
inant factors of performance are loop parameters and robustness
of the pilot. The loop parameters need to be tuned carefully. Ro-
bustness of the pilot can be guaranteed by using pilot tone 600 and
a monitoring device that decides the secondary pilet according to
channel conditions.
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4.3. Channel Estimation

One of the advantages of OFDM lies in its flexibility to adopt ei-
ther time-domain equalizer (TEQ), or frequency-domain equalizer
(FEQ). or a combination of both [4, 7]. The time-domain equalizer
(TEQ) is not necessary in the VDSL due 10 the long gard interval.
According to our simulation, eliminating TEQ causes only trifling
increase of BER but remarkable complexity reduction. Therefore,
instead of performing equalization in the time domain, the pro-
posed receiver compensates the channel response in the frequency
domain, which requires less computation.

During the initialization procedure, the training sequence car-
ries predetermined QPSK modulated signals on the 4096 subcar-
riers, which can be used for estimating the channel frequency re-
sponse. Channel estimation and correction can be modeled as

e = Hyg X + I, 3)

where X, is the known kth subcarrier signal; Yj, is the received
kth subcarrier signal. Hy is the channel frequency response on the
kth subcarrier; and I, is the channel impairments on the kth sub-
carrier. Then, the inverse channel frequency response estimation
on subcarrier] & 1s given by

Gy =3

1S9
It requires more accurate channel estimation 1o transmit com-
plicated constellation, An adaptive FEQ is adopted in the proposed
receiver architecture. The coefficient updating procedure is based
on the least mean squared-error {LMS) algorithm, formulated as

Gotie =Guk +pYo ket (5)

where ¥, i is the error between actual signals X, ; and the equal-
1zed signals X, g,

ni = Xag — KXok = Xap — CGanVYu 6)

4.4. Bit allocation

The other advantage of the DMT system is flexible bit allocation
in different subcarriers to make optimized utilization of channel
spectrum. For a fixed bit rate, the best bit allocation can be derived
using the water-pouring algorithm. Since the channel response can
be estimated, this information can be used to decide bit allocation
by a table look up operation or more complicated algorithms to
squeeze more bits.

5. FIXED POINT SIMULATION RESULTS

A system made up of the proposed transceiver architecture and
DSL channel model specified in the ETSI VDSL standard [2} is
built. Figure 4 illustrates the simulation model. Note that sumpling
clock offset is set as 100 ppm of the sampling clock frequency.
Whole system simulation using fixed-point arithmetic was con-
ducted. An example of equalized 2048-point constellation ex-
tracted from simulation is plotted in Figure 5. The bit error rate
(BER) under different channel conditions is also evaluated. The
required bit rate and BER can be achieved in all cases simulated.
The optimal bit allocation and achieved bit rate and BER are listed
in Table 3. The BER settles down to below the required BER after
0.2s of normal data transmission, during which interval the FEQ
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Transmitter [ MPulse g [ Sleck ™ pacsiver
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Figure 4: Model used in system simulation,
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Figure 5: Equalized 2048 QAM constellation.

adapl to the optimal coefficient setting. The * in the table means
optional regional-specific bands. The BER are calculated from the
first time block average BER below 10~ 7 (the required BER). The
total number of transmitted bits is 10°, and no error can be detected
once the FEQ has converged to its final state,

Table 3: Fixed Point Simulation Results.

Channel | Uncoded bit | Coded bit BER
(meters) | rate(Mbps) rate(Mbps)

1500 16.2 14.4 < 107
1000 . 25.2 224 <107%
500 356 317 <107%
300 40.9 36.5 <107®
300" 56.2 50.1 < 107

6. ASIC IMPLEMENTATION

Figurc 6 shows the block diagram of the proposed VDSL receiver.
Due to their huge hardware complexity, the FFT block and sev-
eral delay lines are not implemented in the chip. The VDSL re-
ceiver IC consists of baseband signal processing circuits including
the symbol boundary estimation block, the digital timing recovery
loop, the channel estimation and adaptive FEQ block. Figure 7 il-
lustrates the diagram of the channel estimation and adaptive FEQ
circuit. Verilog simulation results agree with those of the previcus
fixed-point C simulation.
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Figure 6: Block diagram of the proposed VDSL bascband receiver.
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Figure 7: Diagram of the channel estimation and adaptive FEQ
cireuit.

Using a standard-cell design style and the gate-level design of
the receiver in Figure 6, we have completed the physical design
of the ASIC. The layout of the VDSL baseband receiver imple-
mented in a 0.35-micron 1P4M CMOS technology is depicted in
Figure 8. This IC has a core size of about 3mm x 3mm and con-

tains about 238000 transistor and is expected to run at 35 MHz

while consuming less than 300 mW from a 3.3V supply voltage.

7. CONCLUSION

In this paper, a DMT receiver architecture for VDSL is proposed.
Many techniques, such as channel coding, channel estimation, and
digital timing recovery are adopted to ensure functionality of the
proposed receiver in the DSL environments. System performance
of the proposed receiver is evaluated and it meets the BER speci-
fication in the ETSI VDSL standard. Circuit and physical layout
design of the proposed receiver is completed and the IC will be
fabricated in the ncar future,
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Figure 8: Layout of the proposed VDSL receiver IC.
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