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ABSTRACT

In this letter, we investigate complexity reduction for non-coherent iterative detection of differentially encoded quadrature
phase shift keying applied to digital audio broadcast receivers. We use 2D blocks in an orthogonal frequency division
multiplexing scheme and trellis decomposition to calculate, iteratively, the a posteriori probabilities of the information
symbols. Furthermore, the trellis decomposition method allows us to estimate the unknown channel phase efficiently.
This phase is related to sub-trellises of which we can determine the a posteriori probabilities. In our first approach, we
investigate a method that is based on finding, at the start of each new iteration, the dominant sub-trellis first and then do
the forward–backward processing for demodulation only in this dominant sub-trellis. This method reduces the number of
multiplications by a factor of 3, the normalizations by a factor 8 and, after five iterations, introducing � 0:05 dB loss in
performance on the COST-207 TU-6 channel. Our second approach involves choosing the dominant sub-trellis only once,
before starting with the iterations. This results in reducing the number of multiplications and normalizations by a factor of
8 and introduces� 0:5 dB loss in performance. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

We will investigate inner decoder complexity reduction
of iterative decoding procedures for digital audio broad-
cast (DAB) systems, which are based on convolutional
encoding, interleaving and differentially encoded quadra-
ture phase shift keying [1]. Just as in [2], we consider dif-
ferentially encoded quadrature phase shift keying as inner
coding method and convolutional encoding as outer coding
method of a serially concatenated coding system. We were
motivated by encouraging results, specialised to single-
carrier transmissions, on obtained performances and inner
decoder complexity reduction in [3–5] and [6]. To reduce
the complexity of the inner decoder and accepting only a
small performance loss (see e.g. Peleg et al. [3] and Chen
et al. [5]), we will focus on the techniques proposed by
Peleg et al. in [3]. We also discretize the phase of the
desired signal into several equispaced values but do not
allow ‘side-step’ transitions to track small channel phase
variations. We, however, focus on 2D blocks consisting
of a number of subsequent orthogonal frequency division

multiplexing (OFDM) symbols and a number of adjacent
sub-carriers. Focussing on 2D blocks was not only moti-
vated by the fact that the channel coherence-time is typ-
ically limited to a small number of OFDM symbols but
also because DAB transmissions use time-multiplexing of
services, which limits the number of OFDM symbols in a
codeword [1]. As was shown in [2], extension in the sub-
carrier direction is then required to obtain reliable phase
estimates. Then, we calculate, in an efficient way, the a
posteriori probabilities of the information symbols using
forward–backward processing in full generality [7] where
we consider 2D blocks and trellis decomposition (see also
[2]). Moreover, with the application of 2D blocks for itera-
tive demodulation, we solve a problem connected to the, in
practise quite small, length of the trellises for each sub-
carrier. Unfortunately, as was also shown in [2], using
2D blocks and trellis decomposition in a straightforward
way does not result in significant complexity reduction
compared with the approach of Peleg and Shamai in [3].
However, in this contribution, we exploit the fact that the
trellis decomposition method does allow us to estimate
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the unknown channel phase efficiently. This phase is
related to sub-trellises of which we can determine the a
posteriori probabilities. With these probabilities we are
able to choose, in two different ways, a dominant sub-
trellis, which results in a significant complexity reduction
of the inner decoder. In our first approach, we investigate
a method that is based on finding, at the start of each
new iteration, the dominant sub-trellis first and then do
the forward–backward processing for demodulation only
in this dominant sub-trellis. Our second approach chooses
the dominant sub-trellis only once, before starting with the
iterations. We will show for both methods their complexity
and, by simulations, their performances.

Barbieri et al. [8] also proposed complexity-reduction
techniques for rotationally invariant codes. Their work is
closely related to ours. A discretized version of (13)–(15)
in [8] with p.�k j�k�1/ D ı.�k � �k�1/ (i.e. constant
phase) also could give us the opportunity to use the domi-
nant sub-trellis approach.

2. TRELLIS-DECOMPOSITION
FOR DIGITAL AUDIO
BROADCAST RECEIVERS

For our further analysis, just as in [2], we are interested in
M aligned sequences of N C 1 subsequent OFDM sym-
bols, that is 2D blocks of symbols,where we assume that
in each OFDM sub-carrier m D 1; 2; : : : ;M , a sequence
am D .am;1; am;2; : : : ; am;N / is conveyed using differ-
ential encoding. For the components of the transmitted
sequence xm D .xm;0; xm;1; : : : ; xm;N /, we can write

xm;n D am;nxm;n�1 (1)

where we assume that xm;0 for each subcarrier m D

1; 2; : : : ;M is known and xm;n 2 A D fejp�=2; p D
0; 1; 2; 3g. We assume that the channel phase is constant
over the 2D block of symbols; therefore,

ym;n D e
j�xm;nCwm;n (2)

where the noise variables wm;n are circularly complex
Gaussians with variance �2 per component. The channel
gain is assumed to be known and therefore set to one. Note
that a phase rotation proportional to m, because of a time-
delay, is removed by linear phase correction [2]. Accepting
a small performance loss, we may assume that the chan-
nel phase is discrete, and uniform over 32 levels that are
uniformly spaced over Œ0; 2�/; hence,

Prf� D �l=16g D 1=32, forl D 0; 1; 2; : : : ; 31 (3)

The output sequence corresponding to OFDM sub-carrier
m is denoted by ym D .ym;0; ym;1; : : : ; ym;N /, and we
define zn D xm;ne

j� for n D 0; 1; : : : ; N , and then,
because xm;0 is chosen from A for all m and � is uniform
over f�l=16; l D 0; 1; � � � ; 31g, it follows that

Prfz0 D e
jl�=16g D 1=32; for l D 0; 1; : : : ; 31 (4)

and zn 2 Z �
D fejl�=16; l D 0; 1; : : : ; 31g. Moreover, for

nD 1; 2; : : : ; N

zn D am;nzn�1, where

Prfam;n D e
jp�=2g D 1=4, for p D 0; 1; 2; 3 (5)

The variables zn for n D 0; 1; : : : ; N can now be
regarded as states in a trellis T , and the symbols
am;1; am;2; : : : ; am;N correspond to transitions between
states for OFDM sub-carrier m. Just like the work of Peleg
et al. [3], we focus on the entire trellis T . Note, how-
ever, that our trellis is different from that of [3], in which
tracking of small channel phase variations is made pos-
sible by adding ‘side-step’ transitions. We do not have
such transitions in our trellis, and therefore, our trellis can
be decomposed in eight unconnected sub-trellises. Thus,
as in [2], an important observation for our investigations
is that the trellis T can be seen to consist of eight sub-
trellises T0;T1; : : : ;T7, that are not connected to each
other (see also [5]). Moreover, sub-trellis Ts consists of
states zn 2 Zs D fejl�=16; l D s C 8p; p D 0; 1; 2; 3g,
for s D 0; 1; : : : ; 7. Note that for the likelihood �m;n.zn/
corresponding to some state zn 2 Zs for n D 0; 1; : : : ; N

in a sub-trellis Ts , we can write

�m;n.zn/D
1

2��2
exp

 
�
jym;n � znj

2

2�2

!
(6)

In the next section, we take advantage of this
decomposition.

3. A POSTERIORI SYMBOL
PROBABILITIES

Because we do processing based on trellis decomposition,
we focus, as in [2], on the computation of the a posteriori
sub-trellis probabilities

Prfsjy1; y2; : : : ; yM g (7)

D
Prfsgp.y1js/p.y2js/ � : : : � p.yM js/P7
sD0 Prfsgp.y1js/p.y2js/ � : : : � p.yM js/

Note that Prfsg D 1=8 for s D 0; 1; : : : ; 7 and it is shown
by (51) in [2] that the probabilities p.ymjs/ for each sub-
carrier m D 1; 2; : : : ;M can be obtained by performing a
backward Bahl, Cocke, Jelinek, Raviv (BCJR) pass. Now,
as was shown by (52) in [2], the a posteriori symbol prob-
ability is a convex combination of the a posteriori symbol
probabilities of each sub-trellis Prfam;njym; sg, that is,

Prfam;njy1; y2; : : : ; yM g (8)

D

7X
sD0

Prfsjy1; y2; : : : ; yM gPrfam;njym; sg

where Prfam;njym; sg is computed as given by (48) in [2]
for s 2 f0; 1; : : : ; 7g and am;n 2 A. As stated in [2], from
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these a posteriori probabilities, we can compute, by omit-
ting Prfam;n; sg, the extrinsic information that is needed
by the convolutional decoder.

This suggests that, for each iteration, the demodula-
tor first determines the a posteriori sub-trellis probabilities
using (7), for which, first, a backward pass in each of the
M trellises corresponding to the sub-carriers is needed
(requiring 8�4�.4C1/D 160multiplications per section).
Then, we find the a posteriori symbol probabilities
Prfam;njym; sg in the standard way, taking into account
that the backward passes were already carried out. Thus,
for all sub-trellises Ts , we do a forward pass (requiring
8 � 4 � 4 � 2 D 256 multiplications, see (42) in [2])
and then combine the results for that sub-trellis (requiring
8�4�4�2D 256multiplications and 8�4D 32 normal-
izations per section). Finally, these probabilities have to be
weighted as in (8) (requiring 8�4D 32multiplications). In
total, this results in 704 multiplications and 32 normaliza-
tions per iteration. We suggest to focus only on multiplica-
tions and normalizations, because additions have a smaller
complexity than multiplications and normalizations.*

Trellis decomposition requires the forward–backward
processing in full generality [7] and does not result in sig-
nificant complexity reduction compared with the approach
of Peleg and Shamai in [3]. However, in the next two
sections, we will introduce two methods based on choos-
ing a dominant sub-trellis resulting in relevant complexity
reduction for both methods.

3.1. First method

Finding the dominant sub-trellis, at the start of each new
iteration, is based on the a posteriori sub-trellis proba-
bilities Prfsjy1; y2; : : : ; yM g obtained from the backward
passes. Assuming that one of the a posteriori sub-trellis
probabilities dominates the other ones we can write

Prfam;njy1; y2; : : : ; yM g � Prfam;njym; Osg (9)

with

Os D arg max
s

Prfsjy1; y2; : : : ; yM g (10)

Now, for the best sub-trellis TOs , we do a forward pass
(requiring 4 � 4 � 2 D 32 multiplications per section)
and combine the results to obtain the a posteriori (actu-
ally extrinsic) symbol probabilities Prfam;njym; Osg for that
sub-trellis (requiring 4 � 4 � 2 D 32 multiplications
and 4 normalizations per section). In total, we now need
224 multiplications and four normalizations per section
per iteration, which is roughly 32% of the complexity of
the weighting approach given by (8). In Section 3.3, we
will evaluate, by doing simulations, the performances of

*In the log-domain, multiplications and normalizations are replaced by

additions, and additions are typically approximated by maximizations,

but for reasons of simplicity, we neglect the additions here.

this first method. Moreover, in the next section, we will
introduce a second method, which reduces the complexity
even further.

3.2. Second method

A second approach involves choosing the dominant sub-
trellis only once, before starting with the iterations.
Because, before starting the iterations, the a priori prob-
abilities are all equal, computing the a posteriori sub-trellis
probabilities for each sub-trellis is straightforward. It is
shown in Section 3 in [2], that for computing the a pos-
teriori sub-trellis probabilities, the BCJR algorithm [7] is
not required. Now, as with our first method, we do the
iterations only in the sub-trellis that was chosen initially,
requiring for the forward pass 4 � 4 � 2 D 32, for the
backward pass 4 � .4 C 1/ D 20, and for the combining
pass 4 � 4 � 2 D 32 multiplications plus 4 normaliza-
tions per section. Resulting in 84 multiplications and four
normalizations per section per iteration, which is roughly
12% of the complexity of doing the weighted approach
given by (8). Next, we will demonstrate, by simulations,
the performances of both dominant sub-trellis techniques.

3.3. Simulations

To investigate the performance we have used, the TU-6
(Typical Urban, 6 taps) channel model defined in [9],
which is commonly applied to test DAB transmission. A
maximum Doppler frequency of fd D 20 Hz is chosen,
representing a DAB transmission (in Band-III) movement
speed between transmitter and receiver of � 90 km/h. The
channel gain representative for a 2D block, in which it
is assumed to be constant, is estimated similar to (8) in
Chen et al. [5].

We simulated, both for a perfectly known channel gain
jhj as well as for the estimated channel gaincjhj, the weight-
ing approach given by (8) for L D 1 and L D 5 iterations
(L D 1 stands for no iterations), the first and second
dominant sub-trellis method conform (9) for L D 5, and
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Figure 1. Bit-error rate performance for the TU-6 COST-207
channel with a perfectly known channel gain jhj for the weight-

ing, the first and second method.
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Figure 2. Bit-error rate performance for the TU-6 COST-207
channel with an estimated channel gain bjhj for the weighting,

the first and the second method.

determined the bit-error rate (BER) versus the signal-to-
noise ratio Eb=N0 D

1
2�2

. The BER performance with a

perfectly known channel gain jhj is shown in Figure 1 and

with an estimated channel gain cjhj in Figure 2.
In Figure 1, it can be seen that after five iterations,

our first and second method introduces � 0:05 dB and
� 0:5 dB loss, respectively, with respect to the weighting
method.

Figure 2 shows that with an estimated channel gain cjhj,
the performance of our first method is practically identical
to that of the weighting method and that our second method
introduces� 0:6 dB loss in performance at a BER = 10�4.

4. CONCLUSIONS

We have investigated trellis decoding and iterative tech-
niques for DAB systems, with the objective to reduce com-
plexity for processing 2D blocks and performing trellis
decomposition. These 2D blocks consist of the intersection
of a number of subsequent OFDM symbols and a num-
ber of adjacent subcarriers. The idea to focus on blocks
was not only motivated by the fact that the channel coher-
ence time is typically limited to a small number of OFDM
symbols but also because per service symbol processing
is used that limits the number of OFDM symbols in a
codeword. Moreover, by turning to 2D blocks for itera-
tive demodulation, we solve a problem connected to the,
in practise, quite small, length of the trellises for each
subcarrier. Trellis decomposition methods allowed us to
estimate the unknown channel phase because it relates to
the sub-trellises of which we can determine the a posteri-
ori probabilities. Using these probabilities, we can weight
the contributions of all the sub-trellises to compute the
a posteriori symbol probabilities. We can also use these
probabilities to chose a dominant sub-trellis for providing
us with these a posteriori symbol probabilities. Moreover,
we showed that dominant sub-trellis approaches result in a
significant complexity reduction of the inner decoder. We
investigated two dominant sub-trellis approaches. Our first

approach was based on finding, at the start of each new
iteration, the dominant sub-trellis. Our second approach
chooses the dominant sub-trellis only once, before starting
with the iterations. The first method reduces the number of
multiplications by more than a factor of 3, the normaliza-
tions with a factor 8 and introduces, after five iterations,
� 0:05 dB loss in performance on the COST-207 TU-6
channel. The second method results in reducing the num-
ber of multiplications and normalizations by more than a
factor of 8 and results, after five iterations, in � 0:5 dB
loss in performance.
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