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Abstract—Divsalar and Simon showed that with multi-symbol
differential detection, the performance gap between two-symbol
differential detection and coherent detection of differentially
encoded phase shift keying can be closed.

To close this gap for single-carrier differentially encoded phase
shift keying with interleaving and convolutional encoding, Peleg
et al. proposed a joint and iterative multi-symbol detection and
decoding scheme that regards the differential encoding as inner
component code of a serially concatenated code.

Several data-, audio- and video-broadcast systems are differ-
entially encoded multi-carrier systems and use time multiplexing
of the transmitted services to reduce receiver complexity. The
commonly used receiver-structure for these systems does not
perform joint and iterative multi-symbol detection and decoding.

The present work extends the use of the single-carrier iterative
decoding scheme proposed by Peleg et al. to demodulate differ-
entially encoded multi-carrier systems. A novel two-dimensional
block-based demodulation is proposed that maintains both the
multi-symbol differential detection coding gain and the reduction
in receiver complexity by time-multiplexing.

Simulations show that with comparable receiver-complexity,
the proposed multi-carrier scheme outperforms the single-carrier
scheme by ≈ 0.9 dB. Furthermore, the receiver complexity can
be reduced up to a factor of four and a half compared to the
single-carrier scheme. Finally, the proposed multi-carrier scheme
outperforms ”classical” two-symbol differential detection with
soft-decision Viterbi-decoding by ≈ 2.8 dB with one iteration
and by ≈ 1.2 dB without iterations.

I. INTRODUCTION

Differential Encoding (DE) enables receivers to perform
non-coherent detection. These non-coherent detection re-
ceivers become more robust against ambiguities and im-
pairments of the phase of the received signal compared to
coherent detection receivers. However, there is a ”performance
gap” between differential detection and coherent detection of
differentially encoded multi-phase shift keying (DE-MPSK)
[1].

For the additive white Gaussian noise (AWGN) channel
with a time-invariant (unknown) phase, Divsalar and Simon
[1] showed that if the observation interval is chosen to
be sufficiently long i.e. Multi-Symbol Differential Detection
(MSDD), the performance gap between the ”conventional”
two-symbol differential detection (2SDD) and coherent detec-
tion of DE-MPSK can be closed. They propose to make use
of maximum-likelihood sequence estimation (MLSE) of the

transmitted phases rather than symbol-by-symbol detection as
in conventional differential detection [1]. In the rest of this
paper we will refer to the improvement by expansion of the
observation interval as: ”MSDD coding gain”.

Peleg and Shamai [2] proposed an iterative decoding scheme
that regards the DE as inner component code of a serially con-
catenated code and the convolutional encoding as outer com-
ponent code. The Soft-input Soft-output (SiSo) a-posteriori
probability inner-decoder and SiSo a-posteriori probability
outer-decoder improve their decision values by reliability
information coming from the outer-decoder, respectively, the
inner-decoder as proposed by Benedetto et al. [3] and ten
Brink et al. [4], where the inner-decoder is replaced by a
soft-demapper. The serial concatenation of MSDD and soft-
decision convolutional decoding with reliability information
exchange yields a significant improvement and we will refer
to this improvement as: ”MSDD iterative coding gain” [2].
However, a serious drawback of the iterative decoding scheme
proposed by Peleg and Shamai in [2] is that the computational
complexity of the inner-decoder increases exponentially by the
number of symbols in the observation interval and linearly
with the number of iterations.

To overcome the exponential complexity of the inner-
decoder and maintain the MSDD iterative coding gain, Peleg
et al. [5] proposed a trellis-based inner-decoder. They proposed
to discretize the phase of the desired signal into several
equispaced values and calculated the a-posteriori probability of
the differentially encoded information phases using the BCJR-
algorithm described by Bahl et al. [6]. In the rest of this
paper, we will refer to the trellis-based inner-decoder proposed
by Peleg et al. [5] as: ”the single-carrier Peleg-trellis inner-
decoder”.

The digital audio broadcast (DAB), DAB+ and Terrestrial-
Digital Multimedia Broadcasting (T-DMB) systems use Multi-
carrier modulation (MCM). The principle of MCM in the
DAB-family is based upon orthogonal frequency division mul-
tiplexing (OFDM), where each OFDM-subcarrier is modulated
by π

4 -DE-Quaternary PSK [7]. The DAB-family uses time
multiplexing of the transmitted services to enable receivers
to process only those OFDM-symbols that contain the data
of the selected/required services [7]. With this, ”per service
symbol processing”, the receiver complexity i.e. the number of
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OFDM-symbols that need to be processed, can be significantly
reduced. For example, frequently used DAB audio-services
in transmission mode-I only need up to four out of eighteen
OFDM symbols [7], which results in a receiver complexity
reduction of a factor of four and a half.

The classical multi-carrier receiver-structure for the DE-
COFDM DAB-services is based on Differential QPSK
(DQPSK) i.e. 2SDD of DE-QPSK, Viterbi decoding with
soft-decisions and no MSDD or iterative decoding [8]. In
addition, the studies [1] − [4] have emphasized single-carrier
iterative decoding for QPSK or Binary-PSK (BPSK) and no
attention has been paid to iterative decoding for multi-carrier
DE-QPSK or multi-carrier DE-BPSK. It would be of interest
to investigate the possibility, complexity and performance of
applying iterative decoding with, for example, the single-
carrier Peleg-trellis inner-decoder to the per service symbol
processing of the DAB-family broadcast systems and more in
general to DE-COFDM systems.

The present work extends the use of the single-carrier
Peleg-trellis inner-decoder to demodulate the multi-carrier DE
modulation code of differentially encoded COFDM systems.
A novel two-dimensional (2D)-block-based demodulation of
the multi-carrier DE modulation code is proposed to maintain
both the MSDD iterative coding gain [5] and the reduction
in receiver complexity by per service symbol processing [7].
With the proposed 2D-block-based demodulation the length
of the trellis is equal to the size of the 2D-block, which is
the product of multiple OFDM-symbols and multiple OFDM-
subcarriers. The extension of the trellis-length by also taking
the OFDM subcarriers into account enables per service symbol
processing by almost no loss in MSDD iterative coding gain,
as will be shown by simulations. In the rest of this paper, we
will refer to this new 2D trellis-based inner-decoder as: ”the
multi-carrier Peleg-trellis inner-decoder”.

The plan of this paper is as follows. Section II describes the
single-carrier Peleg-trellis inner-decoder for multi-carrier DE-
COFDM systems with the possibility of per service symbol
processing. In Section III the DE-COFDM broadcast system
model is constructed which is used to study the single-
carrier Peleg Trellis inner-decoder. A novel extension of the
single-carrier Peleg-trellis inner-decoder with 2D-block-based
differential detection is proposed and tested by simulations in
Section IV. Finally, Section V discusses the obtained simula-
tion results for the newly proposed inner-decoder applied on
a multi-carrier DE-COFDM system with the possibility of per
service symbol processing.

II. THE GENERAL PROBLEM

The general problem of using the single-carrier Peleg-trellis
inner-decoder for multi-carrier DE-COFDM systems with the
possibility of per service symbol processing will be studied in
this section.

MSDD per OFDM-subcarrier needs to be performed if
the single-carrier Peleg-trellis inner-decoder is applied to
multi-carrier DE-COFDM systems where DE-QPSK is per-
formed between identical OFDM-subcarriers of two consec-

utive OFDM-symbols. Consequently, the length of the obser-
vation interval for MSDD is equal to the number of OFDM-
symbols, which need to be processed. Due to the per service
symbol processing, the length of the trellis is rather limited,
for example up to four, and simulations show that there is
a significant loss in MSDD (iterative) coding gain for such
a short trellis. To overcome the loss in MSDD (iterative)
coding gain the length of the trellis should be extended, this
means, for the single-carrier Peleg-trellis inner-decoder, that
more OFDM-symbols need to be processed and the receiver
complexity will be increased. This is in contradiction with
the possibility of per service symbol-processing, which was
introduced for significantly decreasing the complexity of the
receiver [7].

III. DE-COFDM BROADCAST SYSTEMS

Terrestrial digital broadcasting systems like DAB, DAB+
and T-DMB comprises a combination of convolutional coding
and π

4 -DE-QPSK with OFDM and time multiplexing of the
transmitted services to enable per service symbol processing
[7]. The π

4 -DE-QPSK is performed between identically posi-
tioned, within an OFDM-symbol, OFDM-subcarriers of two
consecutive OFDM-symbols. In the sequel of this paper we
will use these DE-COFDM broadcast systems as our proposed
system for iterative decoding of the differentially encoded
received QPSK-signal.

A. Model of DE-COFDM transmission over an AWGN chan-
nel

A convolutional encoder encodes sequences of Nb informa-
tion bits to sequences of Nc coded bits. The convolutional
encoder has a code-rate Rc = 1

4 , a constraint length of
K = 7 and generator polynomials {g0 = 133, g1 = 171, g2 =
145, g3 = 133}. In addition, higher code-rates are obtained via
puncturing of the mother code i.e. rate-compatible punctured
convolutional codes (RCPC codes) [9]. We use, conform [5],
the de-facto industry standard Rc = 1

2 convolutional code with
generator polynomials g0 = 133 and g1 = 171, which is equal
to the punctured convolutional code represented by puncturing
vector PI = 8 of Table 34 in [7].

The DAB, DAB+ and T-DMB bit-reversal time interleaver
and block frequency interleaver are modeled by a bit-wise
uniform block interleaver generated for each simulated code
block of bits xi resulting in a sequence of bits xj . Thus any
permutation of the Nc coded bits is a permissible interleaver
and is selected with equal probability conform [5].

An QPSK mapper maps, with Gray encoding, a bit pair
(x1
l,k, x

2
l,k) to an QPSK symbol; ql,k = exp(j∆φl,k) with

∆φl,k ∈ {π4 ,
3π
4 ,

5π
4 ,

7π
4 }.

A modulator performs differential encoding between sym-
bols sl−1,k = exp(jφl−1,k) and sl,k = exp(jφl,k);

sl,k = sl−1,k · ql,k (1)

φl,k = φl−1,k + ∆φl,k (2)

with φl,k ∈ {0, π2 , π,
3π
2 } or φl,k ∈ {π4 ,

3π
4 ,

5π
4 ,

7π
4 } for k =

[−K
2 , . . . ,−1, 1, . . . , K2 ], l = [0, 2, 4, . . . , L− 2], respectively,
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l = [1, 3, 5, . . . , L− 1] and where L and K are defined as the
Frame-length respectively the Frame-width. In addition, the K
initial π

4 -DE-QPSK symbols {s0,k} are defined in [7].
DE-QPSK symbol sl−1,k modulates an OFDM subcarrier at

frequency bin fk = k ·∆f = k · 1
Tu

with Tu is the inverse of
the subcarrier spacing, and DE-QPSK symbol sl,k modulates
a subcarrier at the same frequency bin fk of the consecutive
OFDM symbol. Without loss of generality we assume that
fk=0 is not used for data transmission [7].

The transmitted complex baseband signal per frame of L
OFDM-symbols each with K modulated subcarriers can now
be given by;

s(t) =

L−1
∑

l=0

K
2
∑

k = −K
2

k 6= 0

sl,ke
j2πfk(t−lTs) · w(t− lTs)

−Tg ≤ t < LTs − Tg (3)

with the rectangular window function w(τ) for each OFDM
symbol is defined as;

w(τ) =

{

1 for − Tg ≤ τ < Tu

0 otherwise
(4)

and Ts = Tg + Tu is the duration of one OFDM symbol with
Tg the duration of the guard-interval.

The OFDM part at the receiver performs match-filtering
on each OFDM subcarrier with a rectangular filter impulse
response of duration Tu resulting in

rl,k =
1

Tu

∫ lTs+Tu

t=lTs

r(t)e−j2πfk(t−lTs)dt

= sl,ke
jθl,k + ηl,k (5)

where ηl,k represents a complex AWGN sample with variance
σ2
η at subcarrier k of OFDM symbol l and θl,k is an arbitrary

phase introduced by the channel which is assumed to be
uniformly distributed in the interval (−π, π]. In addition, the
transmission-channel is assumed to be an AWGN channel
where θl,k is independent of l and k during a frame i.e. for
each frame θl,k = θ, now analogous to (5), the received DE-
QPSK symbols rl,k for each frame are expressed as;

r = sejθ + n (6)

where r, s and n are the frame-sequences of rl,k, sl,k and
ηl,k, respectively. For clarity and brevity we will focus on
the AWGN-channel, however, the multi-carrier Peleg-trellis
inner-decoder is not limited to the AWGN-channel if sufficient
channel state information is available and an appropriate size
of the 2D-block is chosen. This will be addressed by the
authors in a forthcoming paper.

B. 2SDD and Viterbi decoding

A commonly used receiver-structure consists of classical
2SDD on each OFDM subcarrier to obtain an estimate of a
QPSK symbol at frequency bin fk [8]

q̂l,k = rl,k · r
∗
l−1,k. (7)

The convolutional decoding in a commonly used receiver
is performed by maximum Likelihood sequence estimation
(MLSE) with the ”well-known” Viterbi algorithm, which uses
as soft decisions, from the demodulator, the real and imaginary
parts of q̂l,k [9]

λ1
l,k = ℜ{q̂l,k}

λ2
l,k = ℑ{q̂l,k} (8)

where λil,k represents the soft decision information of the
received coded bit x̂il,k with i ∈ {1, 2} and ℜ(·), respectively,
ℑ(·) denoting the real and imaginary part of a complex
number.

C. Exhaustive search MSDD and Viterbi decoding

Divsalar and Simon showed in [1] that MSDD fills the
gap between classical 2SDD and coherent detection for DE-
MPSK. They derived the a-posteriori probability (APP) for N -
length sequences of received differentially encoded symbols
on the AWGN channel with an uniformly distributed unknown
channel phase. They showed that MLSE of the N -length
sequences will, for N = ∞, achieve the performance of
coherent detection for DE-MPSK. Moreover, they showed
that increasing the observation interval with only one or two
symbols already gives a significant improvement for uncoded
MPSK i.e. ≈ 1.5 dB at a bit error probability (BER) of 1·10−4

for uncoded DE-QPSK [1].
In addition, Divsalar et al. showed in [10] that the use of

MSDD in a coded case, as it was true for the uncoded case,
can also offer an improvement in error probability performance
over conventional 2SDD. For example, an increase in the
length of the observation interval with one symbol for two-
state rate 1/2 trellis-coded QPSK shows an MSDD coding
gain in the order of ≈ 0.25 dB at a BER 1 · 10−4 [10].

However, Divsalar et al. in [10] and others, referred to in
[2], use MSDD methods that utilize the power of the error
correcting codes and are not directly applicable to interleaved
systems [2]. Peleg and Shamai addressed in [2], with their joint
and iterative demodulation and decoding procedure, MSDD
of DE-MPSK for interleaved systems. This iterative decoding
scheme is based on the exchange of reliability information
between the MSDD demodulator and a Soft-input Soft-output
(SiSo) module, described by Benedetto in [3] using the effi-
cient Bahl algorithm [6], as convolutional SiSo decoder. In the
sequel of this paper we refer to this convolutional SiSo decoder
as: ”the BCJR decoder”. In [2] the MSDD coding gain is equal
to the improvement between 2SDD and MSDD at the first path
through iterative decoding i.e. no iterations are performed.
When no iterations are performed, the maximum likelihood
decision statistic based on an observation interval of N suc-
cessive MPSK symbols i.e. the soft-decision information, from
the MSDD demodulator, for the convolutional decoding is
given by Eqn. 1 of [2] with equal a-priori probabilities:

Λj =
∑

C∈Cj

P (R|C) (9)
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where Cj are all modulation codewords corresponding to
the sequences of bits [x1, . . . , xN log

2
(M)] having xj = 1.

According to [2], the conditional probability P (R|C) is given
by Eqn. 9 in [1]

p(r|s) =

∫ π

−π

p(r|s, θ)p(θ)dθ

∼ I0

(

2

σ2
η

∣

∣

∣

∣

∣

N
∑

n=1

rn · s∗n

∣

∣

∣

∣

∣

)

, (10)

where I0 is the zero-th order modified Bessel function and
n is a function of l and k. The approximation in (10) is
obtained, by removing the common terms to all codewords,
they are irrelevant to the decoding process [2]. Now, the
soft decision information for the received coded bit pair
(x̂1
l,k, x̂

2
l,k), representing QPSK symbol q̂l,k, can be computed

by substitution of (10) into (9), which yields

λil,k =
∑

C∈Cj

I0

(

2

σ2
η

∣

∣

∣

∣

∣

N
∑

n=1

rn · s∗n

∣

∣

∣

∣

∣

)

(11)

where i ∈ {1, 2} and j is a function of l and k.
Simulation results without iterations in [2] reveal for DE-

QPSK with an observation interval extension by three symbols
(N = 5) that the MSDD coding gain is ≈ 0.3 dB at a BER
1 · 10−4 and is still ≈ 2.5 dB away from closing the gap with
coherent detection of DE-QPSK and convolutional decoding.

Since, the MSDD coding gain is obtained without iterations
the soft-output information of the BCJR outer-decoder is not
required and the output can be a two-level ”hard-decision”
output obtained via, for example, the Viterbi algorithm. Simu-
lations, indeed, show similar results for the MSDD coding gain
by either using as outer decoder; the Viterbi algorithm or the
BCJR algorithm without iterations and ”two-level clipping”.
The MSDD coding gain is obtained by an exhaustive search
on MN possible sequences of length N . In the rest of this
paper we wil refer to this MSDD demodulator proposed by
Peleg and Shamai in [2] as: ”the exhaustive search MSDD
demodulator”.

D. Single-carrier trellis-based MSDD and Viterbi decoding

To avoid the exponential complexity of the exhaustive
search MSDD demodulator, Peleg et al. in [5] proposed to
replace the exhaustive search MSDD demodulator by a trellis-
based MSDD demodulator i.e. the single-carrier Peleg-trellis
inner-decoder.

Using the single-carrier Peleg-trellis inner-decoder, the
phase of each DE-QPSK symbol is discretised into Q equi-
spaced values and these equispaced values represent the Q
states of the trellis. In addition, it is assumed that the discrete
phases of the DE-QPSK symbols represent a Markov process
[5]. Let rk1 , ψk1 , φk1 , ∆ψk1 and ∆φk1 be the sequences at
frequency bin fk=k1 of rl,k1 , ψl,k1 , φl,k1 , ∆ψl,k1 and ∆φl,k1 ,
respectively. Now a path ηk1 , of length L, through the trellis
is uniquely determined by the discretely distributed phases

ψk1 = φk1 + θ of the L DE-QPSK symbols, thus,

Pr{rk1 , ηk1} = Pr{rk1 ,ψk1}

= Pr{ψk1}Pr{rk1 |ψk1}

= Pr{ψk1}

[

L−1
∏

l=0

Pr{rl,k1 |ψl,k1 }

]

(12)

where the third equality is based on the assumption that the
channel is memoryless [5].

The mapping of ∆φk1 to ∆ψk1 is one to one, this implies

Pr
{

∆ψk1

}

= Pr
{

∆φk1

}

(13)

and since ψk1 is a one to one function of the arbitrary channel
phase ψ0,k1 = φ0,k1 + θ distributed uniformly over Q and of
∆ψk1 we get

Pr
{

ψk1

}

=
1

Q
Pr
{

∆φk1

}

=
1

Q

L−1
∏

l=1

Pr {∆φl,k1} . (14)

Combining Eqns. 12–14 yields:

Pr{rk1 , ηk1} =
Pr{r0,k1 |ψ0,k1 }

Q

L−1
∏

l=1

γl (ηk1) (15)

γl (ηk1) = Pr {∆φl,k1}Pr{rl,k1 |ψl,k1 } (16)

and with AWGN we have as DE-QPSK symbol-metric:

Pr{rl,k1 |ψl,k1 } =
1

πσ2
η

e

−

∣

∣rl,k1
−e
jψl,k1

∣

∣

2

σ2
η , (17)

this result is similar to Eqn. 10 in [5], where 2σ2 = σ2
η and

i is a function of l and k1. As was suggested in [5], the a-
posteriori probabilities of the coded bits mapped to the QPSK-
symbols can also here be evaluated by the efficient BCJR-
algorithm described in [6]. We will, as in [5], only give the
basic equations of the BCJR-algorithm for further reference.

The probability αl,k1(s) is calculated for state s at time l
in the trellis by the forward recursion [6]:

αl,k1(s) =
∑

s′

αl−1,k1(s
′)γl,k1(s

′, s) (18)

with α0,k1(s
′) =

Pr{r0,k1 |ψ0,k1
=s′ }

Q
. The probability βl,k1(s)

is calculated for state s at time l in the trellis by the backward
recursion [6]:

βl,k1(s) =
∑

s′′

βl+1,k1(s
′′)γl+1,k1(s, s

′′). (19)

with βL−1,k1(s
′′) = 1,∀s′′ and where αl,k1(s) and βl,k1(s)

represent the probabilities on state s of the k1th subcarrier
in the lth OFDM-symbol. In addition, γl,k1(s

′, s) represents
the branch-probability related to connecting the state s′ of the
k1th subcarrier in the (l − 1)th OFDM-symbol with the state
s of the k1th subcarrier in the lth OFDM-symbol and is given
by (16). The weight of a branch is calculated by [6]:

σl,k1(s
′, s) = αl−1,k1(s

′)γl,k1(s
′, s)βl,k1(s). (20)
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The soft decision information for the received coded bit
pair (x̂1

l,k1
, x̂2
l,k1

), representing QPSK symbol q̂l,k1 , can be
computed by summing σl,k1(s

′, s) over a sub-set Λil,k1 of
branches where xil,k1 = 1 and normalizing by the sum of
σl,k1(s

′, s) over all branches i.e. the complete set Λl,k1 at time
l [5], which yields for the L-length sequences per subcarrier

λil,k1 =

∑

Λi
l,k1

σl,k1(s
′, s)

∑

Λl,k1
σl,k1(s

′, s)
(21)

where i ∈ {1, 2}. Hence, trellis-based MSDD with the single-
carrier Peleg-trellis inner-decoder applied on a DE-COFDM
frame m of size Sm = Lm × Km will have a trellis length
equal to the number of OFDM symbols Lm and is Km times
executed.

Divsalar et al. in [1] showed that the MSDD coding gain
increases with increasing the length of the observation interval
i.e. increasing the trellis length Lm of the single-carrier Peleg-
trellis inner-decoder. Simulations are performed to determine
the MSDD coding gain for different values of Lm. The
simulation results will be discussed in Section V.

E. Joint and iterative single-carrier trellis-based MSDD and
BCJR decoding

Peleg et al. showed in [5] that a large MSDD iterative
coding gain can be achieved with joint and iterative trellis-
based MSDD and convolution decoding.

As explained in [5], the BCJR outer-decoder yields esti-
mates

{

b̂i

}

of the information bits and extrinsic probabilities
{

P̃
(

xil,k

)}

of the coded bits.

The information λil,k and P̃
(

xil,k

)

, exchanged between
the inner-decoder and outer-decoder, is decorrelated by the
interleaver for proper iterative decoding [5]. In addition, as
explained by Benedetto in [3] and also followed by Peleg et al.
in [5], both; the ’intrinsic’ part of the a-posteriori information
coming from the inner decoder as the ’intrinsic’ part of the
a-posteriori information coming from the outer-decoder are
removed.

The ”extrinsic” probability pair
(

P̃
(

x1
l,k1

)

, P̃
(

x2
l,k1

))

is
fed back to the inner-decoder as the a-priori information
Pr {∆φl,k1} of QPSK symbol q̂l,k1 and the branch probability
given by (16) can be rewritten as:

γl (ηk1) =





log
2
(M)
∏

i=1

P̂
(

xil,k1
)



Pr{rl,k1 |ψl,k1 }

=
[

P̃
(

x1
l,k1

)

P̃
(

x2
l,k1

)

]

Pr{rl,k1 |ψl,k1 } (22)

Simulations are performed to determine the MSDD iterative
coding gain of joint and iterative Lm-length MSDD and SiSo
convolutional decoding for DE-COFDM systems. The Lm-
length MSDD is performed with the single-carrier Peleg-trellis
inner-decoder and the convolutional decoding is performed
with the BCJR outer-decoder. The simulations results, for
different values of Lm and for a different number of iterations
I , will be discussed in Section V.

IV. JOINT AND ITERATIVE DETECTION AND DECODING OF

DE-COFDM BROADCAST SYSTEMS

In this section the multi-carrier Peleg trellis inner-decoder,
which is a novel extension of the single-carrier Peleg-trellis
inner-decoder with 2D-block-based differential detection, is
introduced for trellis-based MSDD in a DE-COFDM system.
In addition, joint and iterative trellis-based MSDD with the
multi-carrier Peleg-trellis and convolutional decoding with the
BCJR outer-decoder for DE-COFDM systems is discussed.

A. Multi-carrier trellis-based MSDD and Viterbi decoding

As was explained in Section III-D, to improve the MSDD
coding gain the Lm-length sequences need to be increased.
This means, for MSDD with the single-carrier Peleg-trellis
inner-decoder, that the receiver needs to process more OFDM-
symbols and the complexity of the receiver will increase. In
addition, the DAB, DAB+ and T-DMB broadcast systems use
time multiplexing of the transmitted services or messages i.e.
a transmission frame contains multiple DE-COFDM frames
{m}, where each DE-COFDM frame m contains the data of
a single message [7]. Consequently, only the Lm OFDM-
symbols need to be processed, which contain the data of
message m i.e. per service symbol processing. For a number of
commonly used services of the DAB-family Lm ≤ 4 i.e. per
service symbol-processing only requires up to four OFDM-
symbols to be processed by the receiver. Our simulation
results, which will be discussed in Section V, reveal that for
these small values of Lm the MSDD coding gain of the single-
carrier Peleg-trellis inner-decoder is rather small.

As there are Sm = Lm×Km DE-QPSK symbols available
per DE-COFDM frame m and with Km ≫ 1, it is of interest
to see if the Sm DE-QPSK symbols can be exploited to
extend the length of the trellis from Lm to Sm = Lm ×Km.
The sequel of this section is devoted to show how to extend
the trellis length from Lm to Sm and perform trellis-based
MSDD by the multi-carrier Peleg-trellis inner-decoder on a
DE-COFDM frame m.

The Km initial DE-QPSK symbols {s0,k} for l = 0 are
independently chosen from the same sets as the DE-QPSK
symbols for l 6= 0. As ψk is a one to one function of φ0,k+ θ
and ∆φk, the differential phases

∆ϕk =























ψ0,1 − ψLm−1,−1 = φ0,1 − φLm−1,−1,

k = 1

ψ0,k − ψLm−1,k−1 = φ0,k − φLm−1,k−1

k = [−K
2 + 1, . . . ,−1, 2, . . . , K2 ],

(23)
are independent and belong to the same or a π

4 shifted set as
the information phases {∆φl,k}. Figure 1 shows this multi-
carrier DE-QPSK frame-sequence for Lm = 4 in a graphical
way where; the columns represent the OFDM-subcarriers, the
rows the OFDM-symbols, the circles the DE-QPSK symbols
and the arrows the path through the trellis. In addition, the
upper part of (23) covers that subcarrier at fk=0 is not used
for data transmission, this can also be seen from Figure 1.
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Fig. 1. Multi-carrier DE-QPSK frame-sequence for Sm = 4×Km.

Now, also for the multi-carrier Peleg-trellis inner-decoder, it
is assumed that the discrete phases {ψl,k} represent a Markov
process and a same approach will be followed as with the
single-carrier Peleg-trellis inner-decoder explained in Section
III-D. Let for a DE-COFDM frame m; rm ψm, φm, ∆ψm,
∆φm and ∆ϕm be the frame-sequences of rl,k, ψl,k, φl,k,
∆ψl,k, ∆φl,k, and ∆ϕk, respectively. The path ηm, of length
Sm = Lm × Km, through the trellis is uniquely determined
by the discretely distributed phases ψm = φm + θ of the Sm
DE-QPSK symbols, thus,

Pr{rm, ηm} = Pr{rm,ψm}

= Pr{ψm}Pr{rm|ψm}

= Pr{ψm}

Lm−1
∏

l=0

Km
2
∏

k = −Km
2

k 6= 0

Pr{rl,k |ψl,k }

= Pr{ψm}

[

Sm−1
∏

t=0

Pr{rt |ψt }

]

(24)

where the third equality is based on the assumption that the
channel is memoryless and t, in the fourth equality, is a
function of l and k.

The mapping of ∆φm and ∆ϕm to ∆ψm is one to one
and ∆φm is independent of ∆ϕm, thus

Pr {∆ψm} = Pr {∆φm}Pr {∆ϕm} (25)

since ψm is a one to one function of the arbitrary channel
phase ψ0,0 = φ0,0 + θ distributed uniformly over Q and of
∆ψm we get

Pr {ψm} =
1

Q
Pr {∆φm}Pr {∆ϕm} . (26)

Since a DE-COFDM frame m contains
(Km (Lm − 1) = (Sm −Km)) information phases {∆φl,k}
and Km − 1 differential phases {∆ϕk}

Pr {ψm} =
1

Q

Sm−Km
∏

i=1

Pr{∆φi}

Km−1
∏

j=1

Pr{∆ϕj}, (27)

where i and j are functions of t.
Combining Eqns. 24–27 yields:

Pr{rm, ηm} =
Pr{r0 |ψ0 }

Q

Sm−1
∏

t=1

γt (ηm) (28)

with

γt (ηm) =

{

Pr {∆ϕt}Pr{rt |ψt }, t = nLm

Pr {∆φt}Pr{rt |ψt }, t 6= nLm
(29)

where n = {1, 2, . . . ,Km − 1} and for the AWGN channel
with the unknown channel phase the DE-QPSK symbol-metric
becomes:

Pr{rt |ψt } =
1

πσ2
η

e

−|rt−ejψt |
2

σ2
η . (30)

Now, as was suggested for the Single-carrier Peleg-trellis
inner-decoder, the a-posteriori probabilities of the coded bits
mapped to the QPSK-symbols can also here be evaluated by
the efficient BCJR-algorithm described in [6].

The probability αt(s) is calculated for state s at time t in the

trellis by the forward recursion with α0(s
′) =

Pr{r0|ψ0=s
′ }

Q
,

the probability βt(s) is calculated by the backward recursion
with βSm−1(s

′′) = 1,∀s′′, the branch-probability γt(s
′, s) is

given by (29) and the weight of a branch is calculated by:

σt(s
′, s) =























αt(s
′) Pr {∆ϕt}Pr{rt |ψt = s}βt(s)

t = nLm

αt(s
′) Pr {∆φt}Pr{rt |ψt = s}βt(s).

t 6= nLm
(31)

The ”upper-part” of (31) are the (Km − 1) a-posteriori prob-
abilities of the differential phases {∆ϕt} and the ”lower-
part” of (31) are the Sm − Km a-posteriori probabilities of
the information phases {∆φt}. Since, the differential phases
changes {∆ϕt} do not contain information of the coded bit
pairs {(x1

t , x
2
t )}, representing QPSK symbols {qt}, they need

to be discarded for the deinterleaving and convolutional decod-
ing proces i.e. they can not provide soft-decision information
to the outer-decoder.

To calculate the soft decision information for the received
coded bit pair (x̂1

t , x̂
2
t ), representing received QPSK symbol q̂t,

only the Sm−Km a-posteriori probabilities of the information
phases {∆φt} given by the ”lower-part” of (31) are summed
over a sub-set Λit of branches where xit = 1 and normalized
by the sum of σt(s′, s) over all branches i.e. the complete set
Λt at time t

λit =

∑

Λit
σt(s

′, s)
∑

Λt
σt(s′, s)

, (32)

which yields for the Sm = Lm ×Km-length sequences;

λil,k =

∑

Λi
l,k
σl,k(s

′, s)
∑

Λl,k
σl,k(s′, s)

(33)

where i ∈ {1, 2}. Hence, trellis-based MSDD with the multi-
carrier Peleg-trellis inner-decoder applied on a DE-COFDM
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frame m of size Sm = Lm × Km will have a trellis length
equal to the number of OFDM symbols Lm times the number
of subcarriers Km i.e. the multi-carrier Peleg-trellis inner-
decoder performs 2D-trellis-based differential detection with
the BCJR-algorithm.

By increasing the length of the trellis i.e. the length of the
observation interval to Sm = Lm×Km the MSDD coding gain
should increase [1]. Simulations are performed, with the multi-
carrier Peleg-trellis inner-decoder, to determine the MSDD
coding gain for different values of Sm. The simulation results
will be discussed in Section V.

B. Joint and iterative multi-carrier trellis-based MSDD and
BCJR decoding

As explained in Section III-E; the BCJR outer-decoder
yields estimates

{

b̂i

}

of the information bits and extrinsic

probabilities
{

P̃
(

xit
)

}

of the coded bits.

The ”extrinsic” probability pair
(

P̃
(

x1
t

)

, P̃
(

x2
t

)

)

is fed

back to the inner-decoder as the a-priori information Pr {∆φt}
of QPSK symbol q̂t and the branch probability given by (29)
can be rewritten as:

γt (ηm) =

{

Pr {∆ϕt}Pr{rt |ψt }, t = nLm
[

P̃
(

x1
t

)

P̃
(

x2
t

)

]

Pr{rt |ψt }. t 6= nLm
(34)

Simulations are performed to determine the MSDD iterative
coding gain of joint and iterative Sm-length MSDD and SiSo
convolutional decoding for DE-COFDM systems. The Sm-
length MSDD is performed with the multi-carrier Peleg-trellis
inner-decoder and the convolutional decoding is performed
with the BCJR outer-decoder. The simulations results, for
different values of Sm and for a different number of iterations
I , will be discussed in Section V.

V. SIMULATION RESULTS OF THE SYSTEMS

The simulations of the single-carrier Peleg-trellis inner-
decoder, shown by Figure 2, are performed for Lm = 2, 4, 18
and with I = 1, 2 iterations, where I = 1 stands for no
iterations and I = 2 is one iteration. The curves show the
signal to noise ratio Eb/N0 = 1/σ2

η versus the BER for a
linear AWGN channel with a constant carrier phase and where
the receiver employs matched filtering, as given by (5). The
specifically chosen values for Lm are based on commonly
used frame-sizes for services broadcasted by the DAB, DAB+
and T-DMB DE-COFDM broadcast systems in transmission
Mode-I, where the maximum number of interleaved OFDM
symbols is equal to eighteen and the curve for Lm ≈ ∞
is a reference curve for the MSDD (iterative) coding gain.
Figure 2 shows that a higher value of Lm i.e. increasing the
length of the Peleg-trellis increases the MSDD coding gain and
the largest MSDD coding gain is obtained for the maximum
number of interleaved OFDM symbols of eighteen, this is also
achieved in the iterative case as can be seen from Figure 2 for
I = 2.
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Fig. 2. BER Single-carrier Peleg-trellis inner-decoder.
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Fig. 3. BER Multi-carrier Peleg-trellis inner-decoder.

The simulations of the multi-carrier Peleg-trellis inner-
decoder, shown by Figure 3, are performed for Sm =
(2, 4, 18) × 1536 with I = 1, 2 iterations. The specifically
chosen values for Sm are based on transmissions in Mode-
I, where the number of OFDM-subcarriers Km = 1536 and
the curve for Sm ≈ ∞ is a reference curve for the MSDD
(iterative) coding gain. Figure 3 shows that the MSDD coding
gain is maintained for different values of Sm where the number
of OFDM-symbols are small i.e. Lm ≤ 4, this is also achieved
in the iterative case as can be seen from Figure 3 for I = 2.

The comparison between the single-carrier and multi-carrier
Peleg-trellis inner-decoder is shown by Figure 4 and Figure 5
for transmission Mode-I with four, ten and eighteen OFDM
symbols at a BER of 1 · 10−4 for the AWGN channel. From
Figures 4 and 5 can be seen that the multi-carrier Peleg-trellis
decoder with per service symbol processing outperforms the
”classical” DQPSK detection and Viterbi-decoding with soft-
decisions by 1.2 dB without iterative decoding and by 2.8 dB
with only one iteration iterative decoding.
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Fig. 4. BER Single- and multi-carrier Peleg-trellis decoder (non-iterative).

3 3.5 4 4.5 5 5.5 6 6.5

10
−4

 

 

EbNo in dB

B
E

R

"Classical" DQPSK+Viterbi
Single−carrier Peleg−trellis,I=2,L

m
=4

Single−carrier Peleg−trellis,I=2,L
m

=10

Single−carrier Peleg−trellis,I=2,L
m

=18

Multi−carrier  Peleg−trellis,I=2,S
m

=4×1536

Multi−carrier Peleg−trellis,I=2,S
m

=18×1536

Fig. 5. BER Single- and multi-carrier Peleg-trellis decoder (one iteration).

Figures 4 and 5 also show that, with comparable receiver-
complexity i.e. four OFDM symbol processing, the multi-
carrier Peleg-trellis inner-decoder outperforms the single-
carrier Peleg-trellis by approximately 0.9 dB.

On the other hand, comparison between the curves with
Lm = 18 and Sm = 4 × 1536 of Figure 5 reveal that the
Lm = 18 curve shows a slightly better performance than
the Sm = 4 × 1536 curve. This is due to the fact that after
each sequence of (Lm − 1) information phases one differential
phase is generated, as already stated, the differential phases
can not be used in the iterative decoding process. These
differential ”dummy” phases will cut the trellis for the iterative
decoding process i.e. trellis-cutting and, consequently, the
MSDD iterative coding gain is slightly decreased for the
Sm = 4 × 1536 curve where (Lm − 1) is three compared
to Lm = 18 curve where (Lm − 1) equals seventeen.

Finally, from Figures 4 and 5 can be seen that for the single-
carrier Peleg-trellis inner-decoder to obtain almost similar
MSDD coding gain and MSDD iterative coding gain as the

four OFDM-symbol processing of the multi-carrier Peleg-
trellis inner-decoder, it requires eighteen (≈ 78% overhead),
respectively ten (≈ 60% overhead) OFDM-symbols to be
processed. Consequently, the receiver complexity is increased
up to a factor of four and a half for the single-carrier Peleg-
trellis inner-decoder compared to the multi-carrier Peleg-trellis
inner-decoder.
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