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ABSTRACT
In this paper, we propose a low complexity architecture for
turbo equalizers. Turbo equalizers jointly equalize and decode the received signal by exchanging soft information iteratively. The proposed architecture employs early termination of the iterative process when it does not impact the
bit-error rate PER). Early termination enables the powering down parts of the soft-input soft-output (SISO) equalizer and decoder thereby saving power. Simulation results
show that the complexity is reduced by 20 % 59 % and
8 % 58 % in equalization and decoding, respectively. In
addition, the number of iterations is reduced by 30 % 47
% with negligible degradation in BER.
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1. INTRODUCTION

low-power design techniques which have been proposed for
turbo code decoders [4]-[8], where techniques such as early
termination, precision optimization, and the optimization
of memory accesses have been proposed. So far, however,
most research on turbo equalization has focussed on algorithmic issues [1],[9]-[ll].
This paper highlights several key techniques to significantly reduce the complexity required for the linear turbo
equalizer implementation. These techniques not only attack
the computational inefficiency of the iterative processing by
pruning unnecessary operations, but also stop the iteration
by employing a novel stopping criterion. Simulation results on typical channels show that the proposed techniques
achieve significant savings in computation and hence energy.

Most high bit-rate communication systems suffer from intersymbol interference (ISI) in addition to noise during transmission over frequency selective channels. Conventional
solutions (see Fig. 1) separate the equalization and decoding
functions. Recently, the concept of turbo equalization has
been proposed [I] where equalization and decoding functions are jointly carried out. In turbo equalization, a softinput soft-output (SISO) linear equalizer and a SISO decoder exchange soft information iteratively. Fig. 2 shows
that for very high-speed digital subscriber line (VDSL) systems, turbo equalization increases the transmission data rate
by up to 6 % 60 % and transmits data over longer lines
(2 3.5kft) where non-iterative schemes fail to achieve the
[2]. Furthermore, for a severely
recommended BER =
[3], a turbo equalizer
attenuated channel with BER =
provides a coding gain of 10 dB over conventional systems
in which equalization and decoding are carried out separately.
The system level benefits of turbo equalization motivates our research into low-complexity and low-power VLSI
architectures for turbo equalizers. Related work includes

-

2. TURBO EQUALIZER BASICS
For simplicity, binary phase shift keying (BPSK) is assumed.
Extension to higher-order modulation is straightforward and
is described in greater detail in [11, [101.
Figure 1 describes the transmitter and the conventional
receiver model where a decision feedback equalizer @FE)
is used. The binary data b, is encoded yielding the coded
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Fig. 3. Linear turbo-equalizer block diagram.
The turbo equalizer shown in Fig. 3 improves receiver
performance by exchanging soft information between each
SISO block [l]. In the SISO equalizer, soft symbols %,
from the previous iteration are used in a feedback filter instead of hard symbols ?, and a soft output mapping converts each estimated symbol to a log-likelihood
ratio (LLR) ,
L F ( . ) ,which is approximated to be
~f(z,)
10

'

= +112,)
= In Pr(z,
P r ( z , = -112,)

-2kPLi.
-

e

o;

m

-

10.

where 2 ,
N(,ui.,a;) if 2, = +1 was sent and 2,
N ( - - p ? ,U ; ) if z, = -1 was transmitted. The SISO equalizer outputs, LF(.),are passed through a de-interleaver and
fed to the SISO decoder, which updates the extrinsic information on coded bits, G , and produces the LLR of each
coded bit,LF(.), [1],[9]. L f ( . ) is passed through interleaver and used as inputs to the average symbol mapping
block, which converts LLR values to the average symbol
value, 5, as follows
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Fig. 2. Turbo equalizer vs. conventional equalizer: (a) datarate advantage for VDSL channels, and (b) BER advantage
for a severely attenuated channel [3].
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sequence k,the interleaver permutes the coded sequence
c, and then BPSK modulated symbols z, E {-1, +l} are
transmitted over the IS1 channel with additive white Gaussian noise (AWGN). The channel output z, is given by

The averaged symbols, ?, are then fed back into the SISO
equalizer for the next iteration.
3. COMPLEXITY REDUCTION TECHNIQUES
3.1. SISO equalization

A snapshot of averaged and estimated symbols over all iterations reveals that different symbols converge at different
rates. This fact can be exploited in reducing the complexity
because one can stop the iterations after convergence.
This reasoning can be applied directly to the linear SISO
equalizer. In each iteration the linear equalizer computes

for a channel response h k and noise sequence w,. The DFE
computes 2, from z, and the hard decision symbols from
the slicer, ?, as follows
L
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where 2L+1 and 2 M +1 are the number of taps in the feedforward (FF) and feedback (FB) filters, respectively. The
slicer outputs are then processed by a channel decoder.
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where i denotes the iteration index. If the difference, %i, is very small, then &
+;'
is close to 2;. It implies that
zi-13
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Fig. 5. Modified architecture to control Viterbi MAX-LogMAP block.
performed or not. If not, the input LLR's are passed on to
the soft symbol mapping block.

Fig. 4. Modified architecture to control equalization block.

3.3. Stopping criterion

in a certain iteration all the
variables in a frame do not
need to be updated. However, the very first iteration needs
computation of all fa+' values. From the second iteration,
the equalizer operations, (2) and (3), are selectively carried
out only if the update on Lf(2i.k)is needed. Figure 4 shows
the modified equalizer data-path of Fig. 3, where the extrinsic information of SISO equalizer is computed selectively
by using
if

1,iTlk-

,i-2
n-kI

In a turbo equalizer, not all transmitted data frames need
the same number of iterations for convergence [l 11. It can
be reasonably assumed that the magnitudes of L f ( . ) values
are very large once the decoding process has converged [6].
Thus, the average symbols between two consecutive iterations are close to each other and the difference becomes less
than a small value (6s) as shown below

'E

else
(6)
where, 6~ is the equalizer power down threshold and -L 5
k 5 +L.

where, L f ( 2 ; ) denotes the decoder extrinsic value on I;.;,
the interleaved sequence of ?.; This criterion corresponds
to the condition when all equalizer operations in a frame are
turned off if 6s is equal to b ~the
, equalizer power down
threshold in (6). Therefore, the 2;+' values are not updated
leading to the same L:(2:+') as in the previous iteration.
This results in the same decoder extrinsic values, LF(i.;+'),
as the previous iteration, implying that the decoder has converged. Hence, (8) can be used as a stopping criterion. This
stopping criterion exploits the fact that the average symbols
do not fluctuate much when the decoder extrinsic values become large and does such a function as the SISO decoder
thresholding method. The effect of this stopping criterion
on reducing complexity of the SISO decoder is discussed in
the next section.
Though various stopping criteria for turbo code decoders
have been proposed [4]-[7], they are too complex when applied to a turbo equalizer. However, the proposed scheme is
well suited for linear turbo equalizer, and has minimal hardware overhead. Note that the control logic in Fig. 4 can
be shared to check the condition in (8). Figure 6 shows the
proposed architecture which removes the operational redundancy in joint equalization and decoding processing.

3.2. SISO decoding
In SISO decoding, it is observed that the absolute values
of L: (.) can be very small in the first iteration and can be
larger than 20.0 in the last iteration [6]. Though LF (.) has a
wide dynamic range, a value of Lp(cn) 2 8.0 makes little
difference in (4)because L f ( % ) = 8.0 is equivalent to an a
prioriprobability of {c,= 1-1) being 0.999 [6]. Therefore,
L:(%), the input priori value into a SISO decoder, does not
need to be updated in case of L:(cn) 2 8.0. This is because
the updated LLR value, L f ( c , ) , must be larger than 8.0
and L:(cn) produces the same soft symbol value in (4)as

L,D (4.
In order to remove such unnecessary operations, we employ a sliding window SISO decoding algorithm such as
Viterbi's MAX-Log-MAP [ 121. The advantage obtained by
Viterbi's approach is that processing of a frame can be parallelized without significant BER performance loss [ 121. If
the size of one sub-frame is set to L = 6 K , where K denotes the constraint length of a convolutional encoder, and
the condition for the jth sub-frame,

ILF(ck)l 2 y,for j . L 5 k 5

(J'

+ 1) . L - 1,

3.4. Determination of threshold values, b ~bs,
, and y

(7)

The threshold values,
bs, and y play an important role
in determining the BER and power-down efficiency. The
reason is that BER may be degraded too much if 6~ and 6s

is satisfied, then the j t h sub-frame does not need to update
the LLR's. The control logic in Fig. 5 checks (7) and decides whether the SISO decoding of each sub-frame is to be
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4. EXPERIMENTAL RESULTS
SIX) decoder

-

4.1. Simulation setup
&ccdedbils

For a channel encoder, we employ a recursive systematic
convolutional (RSC) encoder with a generator polynomial
(23,35)8. Before mapping, the coded bit stream is passed
through a random interleaver (151 followed by a 4 level
pulse amplitude modulation (PAM). For purposes of comparison, we considered three different static channel models
and

Fig. 6. Proposed reduced-complexity turbo equalizer architecture.

HA(z)
are large while the power-saving efficiency becomes low if
6 3 and 6s are set to a small value. To find out the optimal
threshold values, the mutual information (I)between LLR’s
of SISO decoder and transmitted symbols is measured as

=

0 . 0 4 ~-~0 . 0 5 ~+~0 . 0 7 ~
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where HA(z) is a good channel, HB( z ) has the severe ISI,
and Hc(z) has the worst spectral characteristics [3]. We
employ a 1024-bit interleaver for channel A and B while a
4096-bit interleaver is employed for channel C because the
larger interleaver overcomes the worst IS1 channel, Hc(z),
more effectively . To determine W,”” and W,””, we employ a least-mean-square (LMS) adaptive algorithm. The
number of taps used in SISO equalizers are summarized in
Table 1. Viterbi’s MAX-Log-MAP is employed and 5 iterations for channel A and B and 8 iterations for channel C are
carried out. For performance comparison, the decoder BER
is measured by transmitting as many frames as is needed so
that at least ten erroneous frames are received.

where U denotes the variance of the extrinsic value L:(.)
and I can be computed using numerical (Monte Carlo) integration [13]. In (9), I is a measure of the amount of
information that L: contains about the transmitted symbols, and hence can be exploited to test the convergence of
the SISO decoder performance [14]. Using (9), we measure I R E F , of the reference turbo equalizer where all iterations are performed and IRED of a reduced-complexity
turbo equalizer where power down techniques are coordinated with the early termination scheme. The threshold values are determined such that

4.2. Results and discussion
Threshold values satisfying (11) are determined via simulations and found to be 6~ = 6s = 1.0 and y = 8.0 for
4-level PAM. Figure 7 shows that the BER curves of reference and reduced-complexity turbo equalizer are close and
these thresholding methods explained in the previous section make little impact on the BER performance.
To measure the efficiency of the proposed scheme, we

which is equivalent to the condition that the loss in BER
is about
The next section discuss the benefit of this
criterion be discussed.
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Fig. 9. Power down efficiency(Pdown).
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Table 2. Average number of iterations in reduced complex
scheme.
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little computation, which results in high power-down efficiency. The average efficiency over all iterations is plotted
in Fig. 9 for each channel. We see that savings of 20 % to
59 % and 8 % to 58 % have been achieved in the equalizer
and decoder, respectively. Table 2 shows the average number of iterations for different channel SNRs. We find that
the reduced complexity equalizer achieves a reduction of 30
% to 47 % in the number of iterations.
Figure 10 shows the power down efficiency of two different schemes. One employs three complexity reduction
techniques explained in the previous section and the other
applies only the stopping criterion to the linear turbo equalizer. It is easily observed that the SISO decoding power
down efficiency and the number of required iterations of
compared two schemes are very close to each other, implying that the stopping criterion, (8),not only reduces the
complexity of SISO decoding, but also terminates the whole
iteration, equalization and decoding, when the turbo equalizer performance is converged. However, there is a noticeable difference in the SISO equalizer power down efficiency. Hence, these experimental results verifies that the
low complexity SISO equalization technique and the stopping criterion must be jointly employed to achieve the maximum power efficiency.

Fig. 8. Power-down efficiency(Pj;k,,) vs. iteration index
for channel B.
define power-down efficiency, Pj:kn, of ith iteration as
Pj:kn(%) =
# of symbols processed by a SISO block
100 x
# of transmitted symbols

(12)
1

and the average power-down efficiency over all iterations,
Pdown, is computed as
Pdown (%) =

# of iterations

'

Figure 8 shows the power down efficiency P&,, for
channel B. We see the complexity is reduced much more
in the high signal-to-noise ratio (SNR) region than the low
SNR region. In particular, the 4th and 5th iterations need
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