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ABSTRACT

We propose the combination of Orthogonal Frequency Division
Multiplexing (OFDM) and Turbo DeCodulation (TDeC) — a multi-
ple Turbo process consisting of iterative demodulation and iterative
source-channel decoding — for transmission of correlated source
codec parameters over wireless frequency-selective broadband fad-
ing channels. As OFDM systems split up frequency-selective fading
channels into orthogonal flat-fading channels, individual modula-
tion signal constellations sets with different bit mapping rules can
be assigned to subcarriers taking into account the iterative reception
and decoding process. The superior performance of the proposed
OFDM-TDeC system is demonstrated by analyzing the achieved
residual bit error rate (BER) and parameter signal-to-noise ratio
(SNR).

Index Terms— Turbo DeCodulation, Turbo Principle, BICM-ID,
ISCD, OFDM

1. INTRODUCTION

With the discovery of Turbo codes [1] channel coding close to the
Shannon limit has become possible with moderate computational
complexity. In the past years the Turbo principle of exchanging
extrinsic information between separate channel decoders has been
extended to other components of the receiver. The iterative combi-
nation of demodulator, channel decoder, and source decoder with
two iterative loops called Turbo DeCodulation (TDeC) [2] pro-
vides performances near the optimum performance theoretically
attainable (OPTA) [3] in additive white Gaussian noise (AWGN)
and flat Rayleigh fading environments. Orthogonal Frequency
Division Multiplexing (OFDM) on the other hand has proven
to be a modulation technique that provides high spectral effi-
ciency while keeping the complexity at a low level for transmis-
sions over frequency-selective broadband fading channels. For
that reason OFDM was chosen for current and evolving wireless
communication systems such as IEEE 802.16-2004 (WiMAX) or
UMTS Long Term Evolution (LTE).

In order to also employ TDeC in time-varying frequency-
selective fading environments with intersymbol-interference (ISI)
we combine both concepts and prove the applicability of the re-
sulting OFDM-TDeC by simulation. We believe, that this bi-
directionally linking of application and physical layer components
enables the kind of cross-layer optimization required by the next
generation of mobile communication and can be applied wherever
these components are physically co-located, e.g., in mobile devices.
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In addition to the possibility of transmitting source coded data
over frequency-selective multi-path channels with reasonable com-
plexity, another benefit of the combination of OFDM and TDeC is
the option to exploit the ability of OFDM systems to transform these
channels into parallel flat fading channels. We introduce a strat-
egy for individually assigning modulation signal constellation sets
(SCS) and bit mapping rules to different subcarriers, thereby opti-
mizing the convergence behavior of the inner iterative loop with re-
spect to the residual bit error rate. This method dynamically adapts
the transmitter and receiver to the current channel condition. The
performance of the OFDM-TDeC system and its adapted version
is analyzed and illustrated by means of extrinsic information trans-
fer (EXIT) charts [4], residual bit error rate (BER), and parameter
signal-to-noise ratio (SNR).

2. THE OFDM TURBO DECODULATION SYSTEM

In Fig. 1 the baseband model of the proposed OFDM Turbo DeCodu-
lation system is depicted. We generally follow the system model for
TDeC given in [2] but use a simplified notation to describe only the
functionality relevant for this contribution. For a detailed description
of the transmission and reception process the reader is referred to [2]
and the literature given there.

Source codec parameters v of a block u are quantized and
mapped to unique bit patterns v individually representing quantizer
reproduction levels @), The concatenation of these bit patterns
forms the data bit block v. After outer interleaving with interleaver
Tou the resulting block v is encoded by a convolutional encoder to
become the code bit block x which then is interleaved by the inner
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Fig. 1. Baseband model of the OFDM Turbo DeCodulation system.
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interleaver mi,.

Differing from [2], the interleaved block of coded bits X is
then passed to an OFDM modulator where the block is first split
into groups of bit patterns X,, of predefined lengths I,, with
m € [0,..., M — 1] representing the M subcarriers of the OFDM
system. Therefore, one OFDM symbol carries I = ) I,,, coded
bits. If the size of the vector of coded bits x is not an integer multiple
of Ix, the vector is zero-padded. The patterns X, are subcarrier-wise
mapped to complex modulation symbols Yy, with E{|Y;,|?} =1 out
of the signal constellation set (SCS) ) according to a subcarrier-
dependant mapping rule g, so that Y, = pm(Xm). In this work
we restrict ourselves to bit patterns of size I, € [2, 3, 4] with differ-
ent signal constellation sets ) and mapping rules j. In the following
the expression ), will refer to a specific combination of SCS and
mapping rule. M complex modulation symbols are considered as
one OFDM symbol. A M-point inverse Fourier transform (IFFT) is
performed on each OFDM symbol and a cyclic prefix (CP) is added.
The resulting signal vector y consists of complex samples y. Taking
into account the CP and a possibly large peak-to-average power ratio
(PAPR) y will be scaled to unit power on the long-term average,
ie., E{|y|*} = 1. Note that signal vectors in the transform domain
equivalent (before IFFT resp. after FFT) of the mapper/modulator
resp. demodulator/demapper are indicated by upper case letters,
while signal vectors in the time domain equivalent (after IFFT resp.
before FFT) are indicated by lower case letters.

Throughout this work we are considering a frequency selec-
tive multi-path propagation channel causing intersymbol interfer-
ence (ISI). This band limited ISI channel is modeled by a tapped
delay line. One complex time variant coefficient ¢ (¢) in each tap
models the individual fading comprising the effects of the static at-
tenuation, shadowing, and fast fading. The channel impulse response
(CIR) ¢(t, 7) of length L + 1 is given by:

- a)

Despite the time- Varlant nature of the fading coefficients of each
tap, we assume the channel to be constant for the duration of the
transmission of at least one OFDM symbol. The channel is then de-
scribed by a CIR vector consisting of its complex fading coefficients

ST —7), cneC. (1)

C:[CQ,C1,...,CL] (2)
which are sufficiently well estimated at the receiver. Finally, com-
plex additive white Gaussian noise (AWGN) n with a known power
spectral density of o2 = Ny is applied.

After cyclic prefix removal and fast Fourier transform (FFT) the
received complex symbols of each subcarrier Z,, are given as

Zm = Cum - Ym + Ny, m € {0,..., M — 1} 3)

with N, denoting Fourier transformed noise samples and C',, de-
noting the samples of the transfer function of length M of the chan-
nel c. It follows that after division by C), (equalization) the sub-
channels can be regarded as individual (though correlated) AWGN
channels with noise power

PR 0.
an,mE{(Cm) }|Cm2. “

As shown in Fig 1, the receiver consists of two iterative loops.
The inner loop corresponds to a bit-interleaved coded modulation
with iterative decoding (BICM-ID) system [5] where the soft demap-
per (SDM) and the soft input soft output (SISO) channel decoder
(CD) exchange extrinsic information on the encoded bits in form of
extrinsic probabilities Py (Z) and PiyY, () respectively [2].
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The outer loop is an iterative source channel decoding (ISCD)
system [6], [7]. After the final outer iteration parameter-oriented a
posteriori knowledge P(v) is determined for each quantizer repro-
duction level v. Each parameter 4 is then estimated by soft deci-
sion source decoding (SDSD) employing these probabilities P(v)
as weighting factors for a summation of all possible quantizer repro-
duction levels @(®):

a=>Y a® - P). ®)

Again, we refer to [2] for a more detailed description of the em-
ployed iterative decoding stages.

3. EXIT OPTIMIZATION OF THE BICM-ID STAGE

The optimized single carrier TDeC system proposed in [2] employs
8PSK with mixed signal space mapping [5] in combination with
an optimized quantizer bit mapping of the source encoder. For the
BICM-ID stage alone however, semi-set partitioning (SSP) [5] is the
optimum mapping rule x as it provides the lowest error-floor possi-
ble for 8PSK. Set partitioning (SP) on the other hand achieves an ear-
lier water-fall for low channel qualities but yields a higher error-floor
when compared to SSP. For OFDM systems it is known that individ-
ual signal constellation sets (SCS) on each subcarrier which depend
on the current channel characteristics can maximize the throughput
or minimize the BER, or power consumption of the system [8]. This
concept is known as bit/power loading or water-filling.

Our goal is to minimize the residual BER of the BICM-ID
stage while keeping a constant overall bit rate and an average
constant transmit power on all subcarriers. To take into account
the iterative behavior of BICM-ID, the EXIT characteristic of the
SDM is considered which describes the amount of extrinsic in-
formation ID?;I[ that is created by the soft demodulator (SDM) at
a certain channel quality from a certain amount of a priori infor-
mation Z¥" provided by the SISO CD: Z2 = Tom (| No).
5 = f(PY ) and Iy = f(P) are functions of the ex-
trinsic probabilities exchanged in the BICM-ID stage (see Fig. 1).
A so-called decoding tunnel has to exist between the EXIT char-
acteristic of the SDM and the inverse EXIT characteristic of the
SISO channel decoder IDEI\’:] = T (ZE). The constraint is
Tom(ZE No) > T (ZE) for the largest possible range of
Igf,l" , as the residual BER will decrease with an increasing range of

ap " 191 All SDM characteristics Tpy are monotonically increas-
ing over I,[Da,fjl" but their individual progressions heavily depend on
the chosen ), as well as on the channel quality. It has been shown
in [10] that the resulting 7pm of an OFDM system can be calculated
as weighted sum of the single SDM characteristics of each subcar-
rier depending on the CIR c and the AWGN power Ng. Employing
individual ), on the subcarriers will thus produce different SDM
characteristics 7pm for the BICM-ID stage. Therefore, the goal is
to find the assignment of ), to the subcarriers that allows for the
maximum iterative gain, i.e., for a decoding tunnel of maximum
length and width. The optimization problem is formulated as:

max ( ol | Tom(Z) > Tep' (Z) + Tand 0 < T < Ir[ﬁf,fi]) (6)

Tom
with threshold 7 ensuring the convergence of the BICM-ID stage for
limited block lengths and numbers of iterations.

A full search for a large number of subcarriers and combinations
Y, would be far too complex to perform once per period the channel
is considered time-invariant, e.g., one OFDM symbol. Thus, we



propose the following two-step approach to assign constellation and
mapping sets to subcarriers:

1) Assign a bit pattern length I, (rate) to each subcarrier m
For bit loading we define the subcarrier specific channel quality
SNR,,, and, motivated by [8], the optimization criterion Q:

SNRnl = — 10 10%10(‘7721,771) (7)
M—1
Q= mz;g Sﬁim — min, )

where () has to be minimized while keeping a constant overall bit
rate of, e.g., I, = 3 - M bit per OFDM symbol. This is achieved
by Alg. 1: I, = 3 bits are assigned to subcarriers with medium
SNR,,, while I,,, = 2 bit and I,,, = 4 bit are assigned pairwise to
subcarriers with low and high SNR,,, respectively.

Algorithm 1 Bit Loading

Calculate SNR,,, with Eq. (7) for all m.
Sort subcarriers in order of declining SNR,.
1,, = 3 for all m.
Calculate ¢ with Eq. (8), Qmin = Q.
form=0...M/2—1do
L, =4, Ini—m—1 = 2, calculate @ with Eq. (8).
if Q < Qmin then
Qmin = Q, save new assignment.
else
Stop.
end if
end for

2) Assign best Y,

In the second step a signal constellation set and mapping rule ), that
maximizes the length of the decoding tunnel (cf. Eq. (6)) is assigned
consecutively to each subcarrier following Alg. 2.

Algorithm 2 ), assignment

Sort subcarriers in order of declining SNR,,,.
Assign optimum ), for non-iterative system to each subcarrier —
generally QPSK, 8PSK, 16QAM with Gray mapping [11].
Compute 7pwm,n according to [10].
Find Z5 with Tow (Zon) = Top' (Z5) + 7.
Iopt - Ir[r?zlt); ] .
for/ =2...4do
for all ), with bit pattern size I do
form=0...M —1do
if 1,,, == I then

Assign ), to subcarrier m.

Compute 7pwm,» according to [10].

Find Zih) with Tow (Zi) = Tp' (ZoR') + 7.

it 7 > 7., then

Iop = Tl ave new assignment.
end if
end if
end for
end for

end for

4. SIMULATION EXAMPLES

The applicability of the OFDM-TDeC system introduced in Sec. 2
and the performance gains achieved with the optimization of the
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BICM-ID stage proposed in Sec. 3 are demonstrated by simula-
tion. An OFDM modulator with M = 256 subcarriers is used
and an ISI channel is exemplarily chosen as real FIR with CIR ¢ ~
[1.0, 0.0, 0.5, 0.2, 0.1]. Consequently the length of the cyclic pre-
fixis L = 4.

4.1. BICM-ID optimization

For the EXIT optimization of the BICM-ID stage we investigated
the transmission of data blocks each containing 200000 bits. The
bits were encoded using a rate 1/2 feed-forward convolutional en-
coder with zero termination, constraint length 4, and octal genera-
tor polynomials Go = {17}s and G1 = {15}s. 9 possible ), have
been selected for the optimization of the mapper which are summa-
rized in Tab. 1. These ), have been chosen regarding the variety of
progressions of their SDM characteristics.

Bits per symbol [ SCS Yy Mapping rule p
=2 QPSK Gray, Anti-Gray
I1=3 8PSK Gray, SP, SSP

16QAM Gray, Al [12]
I1=4 16QAMw [13] optimized [13]
T6PSK Ray [12]

Table 1. V,, for EXIT optimization of the BICM-ID stage.

The EXIT chart resulting from the optimization is depicted in
Fig. 2. It can be seen that for the exemplary target channel qual-
ity of Es /Ny = 5 dB no decoding tunnel exists for 8PSK-SSP. For
the ), assignment optimized according to Sec. 3 a tunnel exists en-
abling the system to converge already after 10 iterations (stair steps
of the decoding trajectory). Furthermore, the SDM characteristic
of the optimized system reaches an even higher value of I,[;]\’j[l] for

the error-free feedback (EFF) case at ’TDM(I][ﬁTl = 1). Note that
the area property of the EXIT chart stating that the area beneath the
SDM characteristic corresponds to the capacity of the channel for the
regarded signal constellation sets is not harmed: the superposition of
SCS with different numbers of bits I,,, can lead to an increased ca-
pacity compared to a set up using, e.g., only SCS with I,,, = 3 bit
for all subcarriers. These findings are confirmed by the residual bit
error rates given in Fig. 3: For the optimized assignment the water-
fall region starts at the optimization point of Es/No = 5 dB, about
0.5 dB earlier compared to 8PSK-SSP and converges into an error-
floor which is about half a decade lower than this of 8PSK-SSP.
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Fig. 2. EXIT charts for BICM-ID at Es /Ny = 5 dB.
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Fig. 3. Residual BER over Fg /Ny after BICM-ID stage (10 BICM-
ID iterations).

4.2. OFDM-TDeC performance

For the OFDM-TDeC the system parameters of the ISCD stage
(codec parameter correlation, quantizers, quantizer bit mappings,
ISCD iterations, etc.) have been chosen according to [2]. Param-
eter blocks u each containing 250 source codec parameters are
transmitted and 10 inner loop iterations are executed. After esti-
mation of the parameters @ the parameter SNR P is calculated by
P = E{u?®/(u — 0)*} as a measure of quality which, due to the
selected quantizers, is upper bounded by Pnax ~ 14.6 dB [3].

15
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Fig. 4. Parameter SNR over Fs/Nq for OFDM-TDeC (10 BICM-ID
iterations).

Figure 4 illustrates the simulation results for a TDeC system us-
ing 8PSK-SSP, 8PSK-SP, and an ), assignment optimized accord-
ing to Sec. 3. It can be seen that a good performance concerning P
is achieved for very low channel qualities of E's/No ~ 3 dB for all
depicted cases which proves the applicability of OFDM-TDeC for
frequency-selective ISI channels. Furthermore, the system with opti-
mized ), assignment outperforms 8PSK-SSP concerning P. 8PSK-
SP on the other hand outperforms both other depicted systems for
very low channel qualities with the trade-off of reaching Puax only
for very high channel qualities. The corresponding gain of the opti-
mized system is illustrated by the marked area in Fig. 4.

5. CONCLUSIONS

With OFDM-TDeC we introduced the combination of OFDM mod-
ulation with Turbo DeCodulation and demonstrated its applicabil-
ity to time-varying frequency-selective broadband fading channels.
Additionally, a strategy for assigning symbol constellation sets and
mapping rules to subcarriers has been proposed which optimizes
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the BICM-ID stage of the OFDM-TDeC system with respect to the
residual BER. The BER performance gains are illustrated in Fig. 3:
An earlier waterfall as well as a lower error floor can be recognized
in comparison to the optimum system with fixed symbol constella-
tion sets and mapping rule. The gain in transmission quality given
by the parameter SNR confirms these findings.
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