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Abstract—This paper proposes a novel framework for
reducing the inter-carrier interference (ICI) caused by time-
varying channels in mobile OFDM systems. The proposed ICI
suppressing scheme is based on the application of the sum-
product (SP) algorithm to a factor graph (FG) representing the
joint a posteriori probability (APP) of the transmitted symbols.
Simulation results show that this new iterative soft-input
soft-output (SISO) detection strategy achieves good performance
when the ICI power is high, which can be due to high mobility
or the use of large FFT sizes. We discuss its application to the
reception of the new DVB-T2 broadcasting standard for a set of
realistic mobile scenarios.

Keywords—OFDM, Time-varying channels, ICI suppressing,
factor graph.

I. INTRODUCTION

DVB-T2 [1] is the world’s most advanced digital terrestrial
transmission system offering high efficiency, robustness and
flexibility. This new specification has noteworthy increased
robustness and spectral efficiency compared to its predecessor
(DVB-T). The DVB-T2 specification makes use of low density
parity-check (LDPC) codes to protect against high noise levels
and interference. Regarding the modulation, the new standard
uses the same orthogonal frequency division multiplexing
(OFDM) system. Three cascaded forms of interleaving have
been included among many novel signal processing stages.
Furthermore, the DVB consortium has issued a Call for Tech-
nologies for the Next Generation Handheld (NGH) standard
design with the aim of providing an advanced mobile broadcast
system.

OFDM is a popular multi-carrier modulation method in
which data is divided into several parallel streams or channels,
one for each orthogonal subcarrier. Since each subcarrier is
modulated at a low symbol rate, the insertion of a guard
interval (GI) with a cyclic prefix provides the ability to
equalize each subcarrier independently, coping with severe
channel conditions without increasing the complexity of the
equalizer. Some of the most recent wireless communications
standards propose very large OFDM symbol lengths (e.g.,
32K subcarriers in DVB-T2), which implies increasing the
GI length without losing spectral efficiency, with the aim of
enhancing the performance of the transmission over frequency-
selective channels and single frequency networks (SFN).

One of the main drawbacks of OFDM mobile communi-
cation systems is its sensitivity to Doppler frequency shifts,

which destroy the orthogonality among subcarriers giving raise
to inter-carrier interference (ICI) and deteriorating severely the
bit error rate (BER) performance. The signal-to-interference
ratio (SIR) depends on the Doppler frequency and the OFDM
symbol length [2], therefore ICI can be devastating when large
FFT sizes are used. This can be the case of the DVB-T2 and
DVB-NGH reception.

The large amount of ICI compensation schemes proposed in
the literature [3] [4] [5] [6] can be classified following different
criteria. We can distinguish between linear and non-linear
equalizers, optimal and sub-optimal detectors, etc. Considering
how the mobile reception problem is tackled, ICI mitigation
schemes can be split into two groups: Those who consider
the ICI a source of frequency diversity and try to exploit it in
order to enhance the BER performance [3], and those which
interpret ICI as an interference and pretend to subtract it out
from the signal [4].

ICI mitigation has been also considered for the first gener-
ation DVB standards [7] [8], and recently a novel approach
has been proposed for DVB-T2 and DVB-NGH reception [9],
where a pre-equalizer operating in sub-blocks of the received
OFDM block was proposed in order to combat the time-
variation of the channel caused by the Doppler frequency shift.
The main drawback of this approach is that pilot carriers can
not be used for channel estimation.

In this paper, we propose a novel approach based on factor
graphs and the so-called belief propagation (BP) algorithm
[10] to deal with ICI mitigation in OFDM reception with
large FFT sizes. This new scheme, based on a fully parallel
algorithm, achieves good performance in the low SIR scenar-
ios, which makes it a good candidate for its implementation
in second generation DVB receivers. Simulation results are
provided for a bit-interleaved LDPC-coded OFDM system,
showing the good performance of the proposed equalizer in
realistic mobile DVB-T2 reception.

II. SYSTEM DESCRIPTION

We consider a basic OFDM communication system in which
M-ary coded symbols X = [X, ..., XN_l]T are obtained by
encoding a random sequence of bits and mapping them on
a multilevel constellation. After the inverse Fourier transform
(IFFT), the transmitted signal at symbol time n is given by
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where N is the total number of subcarriers. Finally a cyclic
prefix is added ensuring that no inter-symbol interference (ISI)
is experienced.

The OFDM signal is transmitted over a doubly selective
channel consisting of L independent and identically distributed
tap coefficients and a maximum Doppler frequency Fy;. At the
receiver, the signal Ry at subcarrier k after GI removal and
fast Fourier transform (FFT) can be expressed as
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where h,; is the [-th tap of the channel impulse response
at time instant n, which is assumed perfectly known to the
receiver. The additive white Gaussian noise (AWGN) sample
Z has complex variance Nj.

In matrix notation, the system model may be represented as

R=HX+7Z, 3)

where the N x N matrix H is the frequency response of the
ICI channel. It has been proven that most of the energy of H
is concentrated in the vicinity of the diagonal [2]. We define
the ICI channel memory parameter () which determines the
trade-off between performance and complexity of the detection
algorithm. For many applications, () = 3 is considered (one
off-diagonal value above and below the main diagonal of H)
for ICI suppressing.

III. FACTOR GRAPH FRAMEWORK FOR ICI SUPPRESSING

Based on the Bayesian estimation theory, the joint APP dis-
tribution of the transmitted symbols over an AWGN-affected
random channel is expressed as

P (X]Y) o< P(Y[X) P (X), )

where P (Y|X) represents the likelihood function and P (X) is
the a-priori distribution of X. Factorizing the joint a-posteriori
APP function into N factors and assuming () = 3 permits
to calculate the marginal P (X;|Y) in a computationally
attractive way as

Simplified Block diagram of a DVB-T2 reception chain including the belief propagation detector.
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where implicitly X, = 0 for £ < 0 and £ > N. Assuming
Fourney’s approach [11] for MAP sequence detection, each of
the factors can be expressed as

fro (Xi—1, Xk, Xpy1) =P (R Xi—1, Xio, Xp41) (6)
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In this paper, we further assume no a-priori information
available. Fig. 2 depicts the detector’s FG for ) = 3, where
each of the factor nodes are connected to three variable nodes.
As it has been stated, the aim of the proposed algorithm is to
compute marginal APPs for each transmitted symbol, which
can be carried out applying the sum-product (SP) algorithm to
the FG. The exchange of messages between factor and variable
nodes representing the marginal APP mass functions of trans-
mitted symbols exploits the frequency diversity introduced by
ICI, enhancing the accuracy of exchanged messages. However,
since the graph is not cycle free, the outputs of the algorithm
are not exact marginal APPs.
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Fig. 2. Structure of the equalizer’s factor graph corresponding to factor
Te(X—1, Xig, Xi41)-

The effect of cycles in a FG has been extensively analyzed
in the literature for many applications. It is well-known that
the BER performance degrades severely when there are short
cycles in the factor graph. Nevertheless, it has been shown
that the average BER does not degrade significantly for some
channel conditions, even with length 4 cycles [12]. From Fig.
2, it is clear that the FG representing the ICI channel is
girth 4 (the shortest loop is length 4). Nonetheless, simulation
results will show that this is not a hindrance for a good
BER performance. In this paper we quantify the performance



degradation due to the presence of cycles in the graph by
means of comparing the proposed algorithm with the optimal
Bahl-Cocke-Jelinek-Raviv (BCJR) detector.

The FG-based framework has advantages over Trellis-based
optimal detection schemes in terms of complexity and inherent
structure suitability for large OFDM symbol detection. Be-
cause of its serial structure, BCJR algorithm would require
a large amount of memory resources for storing the received
signal while the detection process is being performed. Since
we are interested in a fully parallel implementation, the so-
called flooding schedule has been adopted: in each iteration,
all factor and variable nodes transmit new messages to their
neighbors.

IV. COMPLEXITY ANALYSIS

The implementation of the log-domain SP algorithm can be
carried out using the Jacobian logarithm, which only requires
of summary operations and the evaluation of a nonlinear
function by means of a lookup table. The complexity of the
proposed algorithm is mainly a function of the following
parameters: constellation size (M), number of total subcarriers
() and ICI channel memory (Q). Thus, the overall complex-
ity scales as O (NQMQ).

Regarding the BCJR algorithm, the computation of
M¥(@2)+1 yalues of the propagating message in the for-
ward and backward recursions, requires summary operations
involving M@ terms, whereas the computation of the marginal
APPs requires a summary operation involving M terms.

V. SIMULATION RESULTS

In this section, simulation results show the performance of
the proposed BP detector for several mobile scenarios in terms
of BER versus SNR. The next table summarizes the main
simulations parameters.

TABLE I
SIMULATION PARAMETERS

Parameter Value

Modulation QPSK

Number of subcarriers (V) 8196
Subcarrier spacing 1.12 KHz

Length of one OFDM block (77,) 8965

Length of the guard interval (T3 /4) 224ps

Channel coding eIRA codes (64800, R=2/3)

Simulations have been carried out for two channel models:
6-taps Typical Urban (TU6) channel and 6-taps Rural Area.
Three high-mobility scenarios have been considered where the
normalized Doppler frequency (Fy/Af) is 0.15, 0.3 and 0.4,
where A f is the subcarrier spacing. The first one corresponds
to about 200 km/h of vehicular speed for the 8K OFDM mode,
and the last one represents about 160 km/h of vehicular speed
for the 32K OFDM mode. Min-sum algorithm is used for
LDPC decoding and perfect synchronization and ideal channel
state information (CSI) are assumed at receiver.

First, in Fig. 3, we evaluate the aforementioned mobile sce-
narios and compare the BER performance against the free-ICI

case for the TU6 channel. 10 iterations have been performed
in the BP detector in order to assure the convergence of the
algorithm, which means that carrying out more iterations does
not improve the BER performance. We can appreciate that
for fg = 0.13, the BP detector is very closed to the free-
ICI case, whereas the performance degrades significantly for
higher Doppler frequencies. The reason for this behavior is
that we consider the shortest ICI channel memory (@ = 3),
consequently there is a residual ICI described by the rest of
the elements in matrix H, whose power increases with f,.
Increasing the channel memory would reduce the residual ICI
and enhance the performance, although it would also increase
the complexity of the algorithm exponentially.
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Fig. 3. Performance of the BP detector for three TU6 mobile scenarios. 10
iterations have been performed in the detector.

The performance of the BP detector for TU6 channel and
fa = 0.4 is analyzed in more detail in Fig. 4, which shows
how the iterative process of the FG impacts on the BER
performance. We can appreciate that beyond the second itera-
tion, the BER curve reaches the water-falling region giving a
noticeable performance gain. Over three iterations, the iterative
process tends to converge, and there is no noticeable BER gain
performing more than 5 iterations. In this figure, it is also
depicted the BER curve for the one-tap equalization case (no
ICI compensation technique applied) which has an error-floor
at BER=10"1.

Simulation results in Fig. 5 show the performance of the
loopy FG in terms of BER with respect to the BCJR algorithm.
It is shown that the difference is about 0.2 dB for fd = 0.3
and less than 0.3 dB for f; = 0.4 at BER=10"*%. Therefore, we
conclude that, from a practical point of view, since BP detector
curve approaches the BCJR’s at high SNR region, there is
no need to implement clustering or stretching techniques [10]
with the aim of avoiding length 4 cycles.

Finally, we also present simulation results for two mobile
RAG scenarios with fd = 0.3 and fd = 0.4. In this case, the
BP detector is able to outperform the performance of free-ICI
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Fig. 4. Performance of the BP detector for different iterations in the FG for
TU6 channel.
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Fig. 5. BER reference of BP detector with respect to optimal BCJR algorithm.
TU6 channel is considered.

reception even for the highest Doppler frequency. Therefore,
it is concluded that the inclusion of the proposed BP detector
in a DVB-T2 receptor is specially worthwhile in rural areas
where, besides, the vehicular speed can be higher.

VI. CONCLUSION

A novel ICI suppressing approach has been proposed for
high speed detection at high mobility scenarios, which makes
it a good candidate for the mobile reception of DVB-T2
signal, as well as for the future DVB-NGH receptors design.
Compared to the traditional BCJR receiver, the proposed FG
detector is better suited to large FFT sizes. The performance
of the proposed detector has been analyzed over TU6 and RA6
channel models using LDPC codes.
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Fig. 6. Performance of the BP detector for two RA6 mobile scenarios.
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