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ABSTRACT

This paper focuses on the challenging problem of signal re-
ception for orthogonal frequency division (OFDM) systems
in high mobility environments. A novel framework based
on the well-known belief propagation (BP) algorithm is pro-
posed for joint inter-carrier interference (ICI) cancellation,
signal detection and channel decoding. The performance
of the mentioned near-optimal detection strategy is analyzed
over a general bit-interleaved coded modulation (BICM) sys-
tem applying low-density parity-check (LDPC) codes. The
inclusion of pilot symbols is also considered to analyze how
they assist the detection process. A full parallel turbo recep-
tor is derived which shows good performance when the ICI
power is high due to high mobility or the use of large FFT
sizes.

1. INTRODUCTION

Commercial requirements based on the demand of higher
data rates, greater spectral efficiencies and improved data in-
tegrity have triggered the specification of recent broadband
high speed communications standards. This is the case of
IEEE’s 802.16 family, the long-term evolution (LTE) project,
or the recently standardized second generation digital video
broadcasting (DVB) specifications. Mobility support is one
of the key features of these new technologies, dealing with
the challenge of enabling mobile broadband services at high
vehicular speeds. Either the second generation DVB stan-
dards, with both terrestrial (DVB-T2) and handheld (DVB-
NGH) versions, or the IEEE 802.16m are good examples of
the mobility requirements of new wireless communication
standards.

OFDM has been adopted by most of these new commu-
nication systems as modulation technique, since it has been
shown to be a good candidate to overcome inter-symbol in-
terference (ISI) caused by frequency-selective channels. In
order to increase spectral efficiency or to allow the deploy-
ment of single-frequency networks (SFN), new large OFDM
symbol lengths are being included in the latest standards
(e.g., “32K” in DVB-T2).

Nevertheless, it is well known that one of the drawbacks
of OFDM is its susceptibility to Doppler frequency shifts,
which gives rise to so-called inter-carrier interference and
deteriorates severely the bit error rate (BER) performance.
The effect of ICI becomes critical when densely spaced sub-
carriers are used, so it becomes necessary to develop a recep-
tion strategy to solve the mobility-induced ICI problem.
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Many different approaches have been studied with the
aim of overcoming the issue of BER performance loss due
to the presence of ICI: zero-forcing [1][2], minimum mean
square error minimization [3][4], serial interference cancel-
lation (SIC) [5], self-ICI cancellation [6], parallel interfer-
ence cancellation (PIC) [7], maximum a-posteriori detection
[8]1[9] or sphere decoding [10]. Regarding the way that ICI is
considered, either as interference or as source of frequency
diversity, there could be stated a difference between ICI sup-
pressing schemes and complex detectors, respectively. The
former try to subtract out the interference from the signal
[11], while the latter exploit the frequency diversity intro-
duced by the ICI in the OFDM symbol [9].

Peng and Ryan [11] suggest a parallel implementation
of a two-stage equalizer, suitable for large FFT sizes but
which suffers for performance loss at high Doppler frequen-
cies. In [9], Liu and Fitz present a near-optimal reduced
complexity MAP equalizer employing Bahl-Cocke-Jelinek-
Raviv (BCJR) algorithm which achieves performance of
free-ICI with normalized Doppler frequencies (f;) up to
0.246 for 16QAM constellation, and analyze its application
to the IEEE 802.16e mobile WIMAX standard. Neverthe-
less, this approach turns out to be inappropriate for some
wireless communication systems with large OFDM symbol
lengths (e.g., recent DVB standards) due to its intrinsic serial
structure.

In recent years, graphical models, especially factor
graphs (FG), have attracted the attention of many authors for
representing the factorization of global functions. In this pa-
per, we consider the application of this framework to detec-
tion over an ICI channel. We analyze the performance of
the BP detector over a general bit-interleaved LDPC coded
modulation (BILCM) communication system by performing
joint, iterative detection and channel decoding through the
exchange of soft information over a FG. Moreover, a gen-
eral FG taking into account both the detection and decoding
process is derived allowing fully parallel high-speed turbo re-
ception, which makes it a very suitable receiver for the afore-
mentioned last generation communication standards. Fur-
thermore, pilot-assisted detection is also considered in the
proposed BP scheme.

2. SYSTEM DESCRIPTION

OFDM modulation divides a data stream with sample pe-
riod T into N substreams, which are modulated on dif-
ferent subcarriers, equally spaced at a distance of Ay =
1/(TN). This is achieved by transforming the set of N coded
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frequency-domain symbols s = [s...sy]” , equally likely and
chosen from a complex constellation ), into the time domain
through an inverse discrete Fourier transform (IDFT) block.
A cyclic-prefix (CP) of length G is added at the output of the
IDFT. Assuming that the CP is longer than the channel de-
lay spread, there is no inter-block interference (IBI) and the
detector can be designed separately for each OFDM block.
The received signal after CP removal may be written in ma-
trix form as [4, eq.(1)]

r=HFs+7z, 1))

where H is a N x N time-domain channel matrix, F7 stands
for the standard N-point DFT matrix, and vectors r and z are
the received signal and the AWGN discrete samples respec-
tively. We assume that z is a complex Gaussian noise vector
with zero mean and covariance E {zz" } = 671y.

At the receiver, after CP removal and discrete Fourier
transform (FFT) operation, the output vector can be ex-
pressed as

y =FHF"s + Fz )
=Hs+ Zy,

where H = FHF” is the frequency-domain channel matrix,
and zy = Fz is the frequency-domain noise vector which has
the same statistics of time-domain noise z. Note that y = Fr.

When the channel is time-invariant the frequency-domain
channel matrix H is diagonal. However, in a time-varying
channel, the ICI leads to off-diagonal elements of H, which
makes the implementation of conventional equalizers pro-
hibitively complex. Since we know that most of the energy of
the frequency channel matrix is concentrated in the vicinity
of the diagonal, we can make use of the banded structure of
H to design low-complexity detectors. We introduce a trade-
off variable g as the number of diagonals to be taken into
account as shown in Fig. 1. The higher the vehicular speed,
or the larger the OFDM symbol, the higher has to be ¢ to
achieve the same BER. Nevertheless, for many applications,
considering one neighboring subcarrier (¢ = 3) is enough to
achieve good BER performance in relatively high mobility
scenarios. Hence, g = 3 has been adopted as a reference in
this research work.

Figure 1: System input-output relation after removing the
CP.

BP detector’s performance is evaluated over a BICM
scheme (Fig. 2) with the 64800 bits-long LDPC codes
adopted by DVB [12]. We consider ideal channel state in-
formation (CSI) and perfect synchronization at the receiver.
Even so, the presence of pilot carriers, widely used in com-
munication systems for channel estimation, has been consid-
ered with the aim of analyzing how they can assist the BP

detection process. The DVB-T2 PP1 pilot pattern [12] has
been adopted for this purpose.

3. BELIEF PROPAGATION DETECTOR

Based on Bayesian estimation theory, it is well known that
the transmission of a random signal over an AWGN-affected
random channel, can be modeled

P(sly) o< P(yls) P(s), 3)

where P (s|y) denotes the joint a-posteriori distribution of s,
P (y|s) represents the likelihood function, and P (s) is the
a-priori distribution of s. In order to compute the marginal
{P(s4]y)}, we can avoid the cumbersome evaluation of the
joint a-posteriori APP function factorizing it into N factors.
In case of a received signal affected by ICI and considering
g = 3, this factorization can be expressed as

N
P(yls) o< [T fi (k=156 Sk41) 4)
k=1

where implicitly s; =0 for K <0 and £ > N and

Sie (Sk—158ksSk41) =P (Vi Sk—1, Sk, Sk+1) )
2
|y — T4 Hysi
ocexpq — .
Nop

The factor graph for the above factorized function is de-
picted within the dashed box on the top side of Fig. 3. Op-
erating on this graph, the sum-product (SP) algorithm allows
to compute marginals in a computationally efficient way ex-
changing messages between factor and variable nodes. For
numerical stability reasons log-domain SP has been imple-
mented. Denoting by s (s) the message sent from a vari-
able node s to a factor node f (y) in log domain, where y is
the set of variables arguments of f, and by us_ (s) the mes-
sage in the opposite direction, being ¥ (v) the set of neigh-
bors of a given node v, the message computation in variable
and factor nodes respectively becomes

Ms— g (s)= Z
hed(s)\{f}

Hp—s (s) ©)

Prss(s)=Y exp|inf(y)+ Y  por@]. D
~{s} 2€0(f)\{s}

From Fig. 3, it is obvious that the FG representing the de-
tector has girth 4, which means that the shortest cycle in the
graph is length 4. It is well-known that marginals obtained
in a loopy FG are not true marginal a-posteriori distributions,
and it is in general hard to state whether the marginals con-
verge to a reasonable distributions or not. Moreover, in many
applications, the BER performance degradation due to the
presence of short cycles has reduced the interest in FG-based
approaches. In other cases, extensive simulation results have
shown that even length 4 cycles do not pose significant prob-
lems in terms of BER [13]. Simulation results provided in
this paper show that the proposed BP detector performs close
to the cycle-free BCJR in terms of BER.
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Figure 2: Block diagram of the BICM iterative reception chain including the proposed ICI canceling belief propagation

detector.

After a fixed amount of iterations, the marginal APPs are
calculated as follows,

APP(sp) = Y tps(s). (8)

hev(s)

3.1 Pilot processing

Many communication systems use training data sequences
with the aim of estimating the channel impulse response on
the reception side. This information can be exploited to im-
prove the performance of the receiver by performing the de-
tection before removing the pilots. Fig. 3 describes how to
deal with pilot carriers in the message passing process, where
colored factor and variable nodes represent pilot carriers.
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Figure 3: FG representing iterative joint data detection and
decoding.

Message calculation in colored factor nodes takes into
account that the transmitted symbol sy is perfectly known, so
that outgoing messages from these factor nodes are more ac-
curate representations of the marginal distributions. On the
other hand, regarding colored variable nodes, we can con-
sider them as idle nodes, they do not exchange messages.
As a consequence, some cycles are automatically removed
from the FG. As an example, considering PP1 pilot pattern
of DVB-T2 where pilot carriers represent the 8% of the total
carriers, 8% of length 4 cycles are straightfowardly removed,
which yields an additional BER improvement.

Flooding schedule is adopted as message-passing sched-
ule where all variable and factor nodes pass new messages
to their neighbors. As it is obvious, this schedule is the best
suited for a parallel implementation of the receiver.

3.2 Turbo reception

Following the recent trend to design soft receptors enabling
joint data detection and decoding, we have developed an iter-
ative receptor which makes use of the extrinsic information
generated by the LDPC decoder as a priori information at the
detection process (Fig. 2). Based on the extrinsic LLRs at the
output of the decoder Lg (s, m), a priori symbol likelihoods
d are reconstructed in order to inject reliable information in
the variable nodes of the detection FG.

Considering that LDPC codes are decoded using FG-
based algorithms, the joint data detection and decoding pro-
cess can be depicted by a higher-order FG which shows the
fully parallel structure of the proposed receptor (Fig. 3). A
triple iterative scheme is proposed where messages are ex-
changed among internal LDPC decoder nodes (LDPC iter-
ations), among internal decoder nodes (BP iterations), and
between the detector and the decoder (turbo iterations) (Fig.
3).

3.3 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 pa-
rameters: constellation size (M), number of total subcarriers
(N) and number of subcarriers considered for ICI compensa-
tion (g). The overall complexity scales as & (NgM?). Obvi-
ously, the higher the amount of total iterations is, the higher
is the total complexity of the whole reception process. There-
fore, it is necessary to choose the most efficient turbo sched-
ule in order to reach a reasonable performance/complexity
trade-off.

Regarding the BCJR algorithm, the computation of
MA¥(@2)+1 yalues of the propagating message in the forward
and backward recursions, requires summary operations in-
volving M4 terms, whereas the computation of the marginal
APP of s; requires a summary operation involving M7 terms.
div stands for integer division.

4. SIMULATION RESULTS

The performance of the proposed detection scheme is as-
sessed by computer simulations in terms of BER versus SNR.
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QPSK and 16QAM modulations are considered with the de-
scribed BICM-OFDM system over the 6-taps Typical Urban
(TU6) channel. The system bandwidth is 8 MHz and the car-
rier frequency is 760 MHz. Length 64800 extended irregular
repeat-accumulate (eIRA) codes are implemented, with 2/3
code rate (CR) for QPSK and 1/2 for 16QAM, as well as the
min-sum algorithm for its decodification. QPSK modulation
is simulated for three mobile scenarios with f; = 0.13, f; =
0.3, and f; = 0.4. The first one corresponds to about 200
km/h of vehicular speed for the 8K OFDM mode, and the
last one represents about 120 km/h of vehicular speed for
the 32K OFDM mode. On the other hand, f; = 0.22 has
been considered for 16QAM modulation, which corresponds
to 350 km/h of vehicular speed for the 8K OFDM mode.

Extensive simulations have shown that performing 2 BP
iterations and 20 LDPC iterations in each turbo iteration
turns out to be a good turbo schedule in terms of complex-
ity/performance trade-off. Therefore, this is the turbo sched-
ule considered in this paper.

T T
—6—fd=0.13
—&—fd=0.3
fd=0.4
No ICI |}

BER

3 35 4 45 5 55 6 65 7 75 8
SNR(dB)

Figure 4: BER performance of turbo BP detector for QPSK
constellation. 2 BP iterations and 20 LDPC iterations have
been performed in each of the 5 turbo iterations.

First, we evaluate the aforementioned mobile scenarios
for QPSK and compare the BER performance against the
free-ICI case. Fig. 4 shows that even in the case of the high-
est Doppler frequency, BP detection outperforms the free-ICI
case for low BER region. It is determined by simulations that
the receptor approaches the convergence regime after 5 turbo
iterations. Therefore, performing more turbo iterations does
not imply significant BER performance gain.

We also appreciate that BP detector needs to overtake a
minimum SNR bound to get to the water-falling region. Fig.
4 shows that this bound is higher for higher Doppler frequen-
cies. The reason is that we consider just three subcarriers
involved in ICI compensation, consequently we assume that
there is a residual ICI described by the rest of the elements in
matrix H, whose power increases with f;. Since we can con-
sider this residual ICI Gaussian-like [14], the water-falling
bound shifts to the right side in the SNR axis as f; increases.

Performance of BP detector for QPSK is analyzed in
more detail in Fig. 5 for f; = 0.4. Turbo performance has
been described depicting BER curves for different turbo it-

BER

BP detection
—*— BP detection
1074} | —+— BP detection (2 turbo iterations)
BP detection (1 turbo iteration)
— © — BP detection (no turbo)
— 8 — BCJR detection (no turbo)

i i i
5 55 6 6.5 7 7.5
SNR(dB)

5 turbo iterations)
3 turbo iterations)

Figure 5: BER performance of turbo BP and BCJR detectors
for QPSK constellation and f; = 0.4. The no-turbo BP case
performs 10 BP iterations and 50 LDPC iterations.

erations. The no-turbo case (10 BP iterations and 50 LDPC
iterations) for f; = 0.4 is also depicted in this figure in or-
der to have a reference of how turbo scheme performs. We
can appreciate that performing 2 turbo iterations is enough
to outperform the no-turbo BP detection, which means that
turbo scheme is more efficient in the sense that better BER
performance is achieved with less amount of total iterations
(both in the detector and the decoder). On the other hand, as
previously stated, it is clearly shown that the turbo receptor
tends to converge at about 5 iterations, giving rise to a per-
formance gain of about 0.8 dB at BER=10"3 with respect to
the no-turbo case.

BCIJR detector has also been considered with the aim of
quantifying the performance loss due to the presence of short
cycles in the FG. Comparing the no-turbo BCJR case with
no-turbo BP detection, we can appreciate that our proposal is
very closed to the optimal one (about 0.5 dB at BER=1073).
Hence, although length 4 cycles exist, the APPs calculated by
the BP are reliable enough to enable good ICI compensation.
Moreover, there is a performance gain of about 0.3 dB at
BER=10"3 between the turbo BP detector and the no-turbo
BCJR. Note that turbo scheme has not been applied for BCJR
since it is not feasible for large FFT sizes due to its intrinsic
serial structure.

On the other hand, Fig. 6 shows the performance of the
proposed detector for 16QAM. The BP detector is able to
remove the error-floor caused by the Doppler frequency ap-
proaching the free-ICI case up to 2dB at BER=10"*. BP de-
tector does not achieve free-ICI performance for this Doppler
frequency because the residual ICT affects much more higher
order constellations. Considering 5 subcarriers involved in
ICI would enhance the performance of BP detector, but this
requires dealing with the complexity issue.

Comparing with BCJR, the complexity of FG-based de-
tection algorithms can be reduced more efficiently since there
is no constraint imposed by the trellis structure. Different ap-
proaches could be implemented in order to reduce the com-
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Figure 6: BER performance of turbo BP for 16QAM constel-
lation and CR=1/2. f; = 0.22.

plexity of the proposed algorithm. Reduced-state sequence
detection [15] also considered in [9] could be a good candi-
date for this purpose.

5. CONCLUSIONS AND FUTURE WORK

A novel FG-based detector has been proposed for wireless
mobile OFDM systems which enables exploitation of the fre-
quency diversity available in the received signal affected by
ICI. The implementation of this novel scheme for signal de-
tection allows high speed joint detection and decoding pro-
viding excellent performance at high mobility scenarios. The
performance of the proposed detector has been analyzed over
a TU6 channel model using LDPC codes. Furthermore, the
inclusion of pilot symbols has also been considered in order
to analyze how they can assist the detection process. Com-
pared to the traditional BCJR receiver, the proposed FG de-
tector is better suited to large FFT sizes. Future works will
include exhaustive analysis of the iterative reception based
on EXIT charts.
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