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Abstract—Space-time coding techniques significantly improve transmission efficiency in radio channels by using multiple transmit and/or receive
antennas and coordination of the signaling over these antennas. Bit-interleaved coded modulation gives good diversity gains with higher order modulation schemes using well-known binary convolutional codes on a single
transmit and receive antenna link. By using orthogonal frequency division multiplexing (OFDM), wideband transmission can be achieved over
frequency-selective fading radio channels without adaptive equalizers. In
this correspondence, we combine these three ideas into a family of flexible space-time coding methods. The pairwise error probability is analyzed
based on the correlated fading assumption. Near-optimum iterative decoders are evaluated by means of simulations for slowly varying wireless
channels. Theoretical evaluation of the achievable degree of diversity is also
presented. Significant performance gains over the wireless local area network (LAN) 802.11a standard system are reported.
Index Terms—Iterative decoding, OFDM, space-time codes.

I. INTRODUCTION
Wireless channels exhibit a number of severe impairments, among
which, fading is one of the most severe. In addition, additive noise
and interference have to be combatted. For narrowband channels, the
fading can often be assumed to be flat, while for wideband channels, the
fading is typically frequency selective. Much progress has been made to
combat these types of impairments. Diversity is a classic method to improve transmission over fading channels [1]. More recently, so-called
space-time coding methods [2]–[6] have been proposed to obtain both
space and time diversity by using multiple receive and transmit antennas combined with matching modulation and coding.
Coded modulation schemes are methods that, e.g., utilize time diversity on single transmit and receive antenna radio links [7], [8]. There
are ways to efficiently utilize binary convolutional codes to obtain diversity gains with higher order nonbinary modulation symbols. Among
these, we point to bit-interleaved coded modulation (BICM) systems
[9], [10]. By employing multiple transmit antennas, Tonello [11], [12]
suggested space-time BICM schemes for narrowband radio channels in
flat fading cases. In addition, similar ideas have been proposed in other
papers such as [13] and [14].
For wideband systems, both single carrier and multicarrier systems
can be applied to combat frequency selective channels. Equalization is
one choice for the single carrier approach [15]. Orthogonal frequency

division multiplexing (OFDM) has been proposed for a wide range of
radio channels [16]–[18]. Especially, the wireless local area network
(LAN) system defined by the IEEE 802.11a standard adopts OFDM in
packet-based communications operating in the unlicensed 5-GHz band.
In the case of frequency-selective fading channels, Tonello proposed
to use an equalizer rather than an OFDM modem [19]. In addition, in
[20], space-time codes developed in [2] were combined with OFDM
modulation.
In this paper, we present coded modulation schemes for space-time
coding with bit-interleaved coded modulation combined with a
multicarrier OFDM modulation system. By applying the well-known
Turbo principle [21], [22], the decoder performance is significantly
improved. As illustrated in the serially concatenated coded system
configuration [23], [24], the demapper block and the convolutional
decoder act as an inner and an outer code, respectively. The near
optimum decoder uses a maximum a posteriori (MAP) decoder [25]
in an iterative configuration.
One of the biggest advantage of the proposed space-time bit-interleaved coded modulation (ST-BICM) system is its flexibility in
terms of various system configurations. Unlike other space-time
coded schemes in [2] where coding and modulation designs were
handcrafted for each system setup, a single coder in the ST-BICM
system can support many different data rates. For example, in the
wireless LAN system design where eight different data rate modes are
defined in the 802.11a standard, the proposed ST-BICM can support
all of eight modes with a single coder. This is not possible using the
type of space-time coded schemes presented in [2].
In this work, we are particularly interested in slowly changing channels such as those typically experienced in the indoor environment.
These are modeled by block fading channel models [26]. As subchannels in the OFDM system are normally correlated with each other,
the pairwise error probability will be analyzed based on the correlated
fading assumption. Extensive simulation results will be shown in the
simulation section comparing the proposed ST-BICM technique with
iterative decoding and a conventional single antenna system based on
the 802.11a standard. The simulation results show that the iterative
decoding scheme is crucial when the number of transmit antennas is
greater than that of receive antennas.
The paper is organized as follows. In Section II, the system model
is briefly presented. In addition, receiver and transmitter structures are
discussed. In Section III, we present pairwise error probability evaluation for the system. In Section IV, simulation results for various system
configurations are presented. Then, the paper is concluded in Section V.
II. SYSTEM MODEL AND RECEIVER/TRANSMITTER STRUCTURES
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We consider systems with Nt  2 transmit antennas and Nr  1 receive antennas in this paper. Nt is typically larger than or equal to Nr .
As indicated above and as will be explained in detail in the next section, we will use space-time coding with bit-interleaved coded modulation. The modem constellations used are M -PSK or M -QAM with M
constellation points. Furthermore, in this paper, we consider wideband
channels by using OFDM rather than single carrier modems. The spectral efficiency of the system is [11] RT = RC 1 Nt 1 log2 M bits=s=Hz,
where RC is the rate of the convolutional code used.
First, we consider an OFDM system with F subcarriers. Assuming
proper cyclic prefix operation, the output at the k th subcarrier and at
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the lth time slot from the j th receive antenna matched filter after the
discrete Fourier transform (DFT) is given by
j

yk;l =

p

N
Es

i;j i

i=1

j

Hk;l xk;l + nk;l

for j = 1; 2; 1 1 1 Nr

(1)

where xik;l is the transmitted symbol at the ith transmit antenna at the
i;j
k th subcarrier and at the l th time slot. Es is the symbol energy, and Hk;l
is the equivalent channel frequency response of the link between the ith
transmit antenna and j th receive antenna at the k th subcarrier and at the
j
l th time slot. Finally, in (1), nk;l is a sequence of i.i.d. complex zero
mean Gaussian variables with variance N0 =2 per dimension.
In this channel system, we make the following model assumptions.
Considering the time domain channel impulse response between the
ith transmit and j th receive antenna, a frequency-selective channel can
be modeled as
h

i;j (t;  ) =

K
n=1


h

i;j (n; t) (

Fig. 1. Transmitter structure for wideband OFDM systems.

0 n )

 i;j (n; t) are independent complex
where the channel coefficients h
Gaussian with zero mean (Rayleigh fading),  (1) is the Dirac delta
function, and K denotes the number of channel taps.
Furthermore, the channel impulse responses of the antenna links are
independent of the different links. Both fast fading (i.e., uncorrelated
fading coefficients in time) and block fading (i.e., static fading coefficients over a block of transmitted symbols, independent over blocks)
are possibilities for this channel model. In this work, we will concentrate on the block fading model describing wireless LANs with slow
movements. Therefore, we will omit the time indices l and t for simplicity.
Neglecting leakage, it follows that the channel frequency response
in (1) can be expressed by
i;j =

Hk

K
n=1


h

h w

i;j (n)e0j

=  3i;j k

(2)

where T represents the sampling period. In addition, we
 i;j (1)h
 i;j (2) 1 1 1 h
 i;j (K )]3 and
=
denote  i;j
=
[h
k
0
j
2k =F T 0j 2k =F T
0
j
2k =F T T
e
[e
111e
] . Note that jHki;j j is
Rayleigh distributed and is correlated in frequency.
The symbol constellation is normalized such that Efjxik j2 g = 1 for
i = 1; 2; 1 1 1 Nt . With vector notations, (1) can be written as
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or equivalently

yk = p Es H k xk + nk ;

Fig. 2.

OFDM demodulator for each antenna, and the processing is done over
F parallel subchannels. Note that the receiver now has to estimate
the F multi-input multi-output (MIMO) subchannels (slowly varying
flat fading) rather than only one in the narrowband flat fading case.
A key subsystem in the receiver is that the MIMO demapper, which
is based on the Nr antenna inputs, produces the MAP estimates of
the demapped bits for each subcarrier in the Nt transmitter streams
corresponding to the Nt antennas in the transmitter.
Let dki;m be the bit that is mapped at the k th subcarrier into the mth
bit position (m = 1; 2; 1 1 1 log2 M ) of the constellation symbol of the
ith transmit antenna (i = 1; 2; 1 1 1 Nt ). Then, the log likelihood ratios
are given by

for k = 1; 2; 1 1 1 F:

Fig. 1 shows a transmitter structure for space-time coding with bitinterleaved coded modulation with OFDM modulation for the case
of wideband frequency-selective channels. The convolutional coder is
using a binary convolutional code with rate RC . A key component in
these systems is the mapper that converts b bits to modem symbols in
the M -ary symbols in the sequence xik mentioned above. In this structure, there are F parallel narrowband flat-fading subchannels being
transmitted over each antenna.
Fig. 2 shows an iterative decoder for the space-time code for the
OFDM system. For the wideband system, the demodulator is an

Receiver structure for wideband OFDM systems.

i;m
i;m = log P dk = +1 :
i;m
P dk = 1

L dk

0

(3)

Let the set Sdi;m , d = +1, or 01 be a set of all symbol vectors with
a +1 or 01 value of bit dki;m , respectively. The number of elements
in such a set is 2N log M 01 . The log likelihood ratio (LLR) in (3)
conditioned on the channel state information is

jy H k
0 jy H k

i;m = +1 ;
k
log
i;m
P dk = 1 k ;
P dk

= log

x

2S

x

2S

x y Hk )
p(x k ; y k ; H k ):
p( k ; k ;

(4)
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probability and the code parameters that affect it. This will give an indication on how to design the codes to obtain a large degree of diversity
in the system. More precise error probability curves are obtained by
simulations below.
In order to compute the above bound, let us first denote the j th row
of Hk as h3j;k . Then, using (2), h3j;k can be expressed as

w

0 111 0
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0 w
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Fig. 3. MIMO demapper structure for wideband OFDM systems.
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where dk and Lk are column vectors of length Nt 1 log2 M comprised
and L(dki;m ), respectively.
of di;m
k
The elements of the a priori likelihood ratio vector Lk are assumed
to be independent in the interleaved bit stream. For the first pass
through the iterative decoder, these are set to zero. For the second
pass and beyond, they are derived from the MAP decoder for the
convolutional decoder in Fig. 2. Then, by subtracting the input
likelihood values from the output LLR values computed in (4), the
extrinsic information is exchanged between the MIMO demapper and
the MAP decoder to improve the bit error rate (BER) performance.
The MIMO demapper shown inside a dotted line box in Fig. 2 is
described in more detail in Fig. 3. The signal outputs of the k th subcarrier for all Nr receive antennas are sent to a MIMO demapper box
for subchannel k , which computes the log likelihood ratio using (4),
combining a likelihood ratio vector Lk from the previous iteration.
III. PAIRWISE ERROR PROBABILITY EVALUATION
In this section, we will evaluate the pairwise error probability (PEP)
for the correlated fading case. Consider the block fading frequency-selective channel with F carrier OFDM system assuming constant fading
over one OFDM symbol. It has been shown in [10] and [11] that the performance of the iterative decoding scheme approaches the maximum
likelihood (ML) performance with the assumption of exact feedback
from the decoder. Assuming that x is transmitted, we have the average
^ over x as
PEP that the ML chooses x

P

p
ky 0 E H x k 2
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Using a Chernoff bound, this PEP is bounded by

x ! x^jfH g =1  exp 0 4EN
0
^ 0x .
where e is defined as e = x
P

k

k
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(5)

k

It is well known that Chernoff bounds are tight in the exponential
sense for high signal-to-noise ratio (SNR). However, the bound is off
approximately by a multiplicative constant factor, which is independent of SNR. Here, we are primarily interested in the slope of the error

F

k

The joint probability density in (4) is then related to
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~ k and E are denoted by E~ k = e~k e~3k and E = Fk=1 E~ k ,
where E
respectively.
Since E is a non-negative definite Hermitian matrix, we have an
eigendecomposition as E = P33P, where P is a unitary matrix, and
3 is a real diagonal matrix. Substituting this into (6), we now get
F

kH e k 2 =
k

k=1

N

k

h^ 33h^
j

j =1

j

^ j = Ph~ j is a column vector of length KNt .
where h
Defining i as the ith eigenvalue of E finally yields
F

kH e k 2 =
k

k=1
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N

k

i=1 j =1

i H^ ji

2

(7)

^ ji is the ith element of h^ j .
where H
^ ji j is also independent and Rayleigh distributed.
Since P is unitary, jH
Therefore, substituting (7) into the bound (5) and averaging it with re^ ji j yields
spect to independent Rayleigh distributions of jH
P (x ! x^ ) 

KN

1 :
1
+
4 
=1

N

i=1 j

E
N

i

^ ji has equal power for all i and j to simplify
Here, we assume that H
the analysis.
Let R denote the rank of matrix E. Then, KNt 0 R eigenvalues of E
are zero. Let us define the nonzero eigenvalues of E as 1 ; 2 ; 1 1 1 R .
Finally, it follows that at high SNR, the PEP bound is given by
P (x ! x^ ) 

R

i=1

0N
Es
i
:
4N 0

(8)

We now see that the diversity order given by the above bound is determined by RNr . Next, we further examine conditions on the rank R.
Let us denote L as the number of instances 1  k  F such that ek e3k
is nonzero. Note that L is related to the effective length of the code, as
~k e~3k is a rank one matrix, we can show
defined in [7]. Considering that e
F
e~ e~3 is obtained by min(L; KNt).
that the rank R of E =
k=1 k k
Therefore, it can be seen here that the maximum achievable diversity
order of the ST-BICM system for K tap equal power fading channels
is KNt Nr . Note that this number is K times higher than the full diversity order Nt Nr in flat fading cases [2].
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Here, we consider two cases: L > KNt and L  KNt . The first
case is encountered when the channel does not contain enough diversity in frequency. In this case, as long as L is greater than KNt , which
is determined by the channel, the system performance is mostly limited by the system parameter such as Nt . Therefore, we expect a large
improvement in performance by the multiple transmit antenna for channels with small K .
The second case accounts for the situation when the channel delay
spread is large. As an extreme case, the channel frequency responses
Hki;j at different subcarriers become fully uncorrelated. This occurs
 i;j (n) in (2) have equal
when K = F and all the amplitude taps h
variance. In this case, the diversity order of the system is determined
by LNr , which is independent of the number of transmit antenna Nt .
Rather, the number of nonzero elements ek e3k specified by the code
design determines the diversity order. A similar derivation was made
in the space-time coded system with low-density parity check (LDPC)
code, which was proposed in [27].
As we assume that the channel information is available only to the
receiver side, it is not feasible to design a code that can maximize the
system performance for every channel delay profiles. In general, the
derived bound leads to a code design consideration for the ST-BICM
system in OFDM: First, for the channels with small K , it is important
to have a code whose effective length L is greater than KNt in order to
achieve the full diversity order KNt . Second, for the channels with large
K , which is observed in many indoor wireless LAN systems, the diversity order is maximized by employing a standard maximum Hamming
distance convolutional code. It should be noted that in comparison with
the single antenna case, the slope change in BER curves due to additional transmit antennas may not be as distinct as that observed in channels with a small delay spread. Therefore, optimizing the coding gain
becomes more important than maximizing the diversity order, as the diversity order exploited by the single antenna system may already be big
enough when channels contain large delay spreads. Then, one should
choose an appropriate mapping and coding to maximize the coding gain
i )0N . One way of maximizing this
which is determined by ( R
i=1
coding gain is to increase the effective length of the code, as suggested
in [2]. In addition, employing an interleaver is another important way
of improving the coding gain, as the interleaver can spread out the error
sequences ek e3k . Note that as E changes with the channel delay profile,
i for all possible channel realizations is not possible.
optimizing R
i=1
From the theory above, we can now construct space-time coding
schemes at different levels of diversity degree and different levels of
bandwidth efficiency. Given the overall decoder complexity, we can
optimize a convolutional code with the maximum Hamming distance
by simply increasing the code memory. However, it should be noted
that decoder complexity grows exponentially with code memory.
Note that unlike other space-time coding schemes based on trellis
codes such as the space-time trellis codes (STTC) proposed in [2], the
trellis complexity of the ST-BICM for the given spectral efficiency is
independent of the modulation level and the number of transmit antennas. In addition, by applying a puncturing mechanism in convolutional codes [28], it is possible to achieve a high spectral efficiency
without employing a high modulation level, which makes a receiver design difficult. Thus, by using smaller signal constellations and higher
rate codes at a given Nt , lower complexity receivers are achieved. As
a result, the ST-BICM schemes can obtain a spectral efficiency higher
than 4 bits/s/Hz without difficulties, whereas it is impractical for STTC
in [2] to achieve such a high spectral efficiency. This is quite important, as the target spectral efficiency in future wireless systems becomes
higher. Flexibility of the ST-BICM scheme is also critical in many practical wireless systems where different data rates need to be supported.
For example, for the 802.11a standard, there should be eight different
decoders with the STTC in [2], whereas the ST-BICM utilizes a single
binary convolutional decoder with different puncturing patterns.
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TABLE I
MODULATION LEVEL AND CODE POLYNOMIALS

IV. SYSTEM SIMULATIONS
In this section, we present simulation results for the MIMO
ST-BICM in the indoor wireless channel environment and compare
them with a single antenna system defined in the 802.11a wireless
LAN standard. In the simulations, we compare both systems in 24and 54-Mbits/s modes, which is the maximum throughput supported
by the 802.11a system. The system parameters are shown in Table I.
The binary convolutional code polynomials are represented in octal
notation. The spectral efficiencies for each mode, excluding overhead
due to guard bands and guard symbols, are 2 and 4.5 bits/s/Hz,
respectively.
First, we present the ST-BICM system performance with the iterative decoding scheme. To make a fair comparison, both the MIMO
ST-BICM and the 802.11a systems are set to have the same spectral
efficiency. For practical implementation issues, two transmit antennas
with one and two receive antenna systems are considered. The indoor
wireless channel is considered quasistatic as mobility of users is quite
low. We use a typical indoor channel model with 5-tap power delay
profile (K = 5) having an exponentially decayed fading characteristics, and each ray is assumed to be independently Rayleigh fading.
The OFDM modulation defined in the 802.11a standard specifies 64
point FFT. One OFDM symbol duration is 4 s, including the 0.8-s
guard interval. This specification is designed to handle the root means
square (RMS) delay spread of about 250 ns. The 5-tap multipath
channel with exponentially decayed delay profile accounts for approximately the RMS spread of 100 ns. Throughout the simulations, one
packet is assumed to consist of one OFDM symbol for simplicity. A
random interleaver is used for simulations, and its size is determined
by F 1 Nt 1 log2 M . This short length was chosen because of latency
requirement. Longer interleavers are expected to yield somewhat
improved performance. Throughout the paper, Gray mapping is
employed in all system simulation cases. The number of the decoding
iteration is set to 5. However, it is noted from the simulations that
after three iterations the BER performance is normally saturated. As
for the code choice, we use the 16 state memory 4 (23,35) code, if not
specified otherwise.
First, to demonstrate the validity of the PEP analysis presented in the
previous section, the simulation results with a flat fading channel are
presented in Fig. 4. The x-axis represents the received SNR per antenna
in decibels, and the y-axis indicates the frame error rate (FER). In this
case, the frame length is set to 128 bits. It is clear from this plot that 2 by
1 and 2 by 2 systems exhibit the diversity gain slope of 2 and 4, respectively, as shown in [11]. This also matches well with the PEP analysis
derived in the previous section for the K = 1 case. Compared with
these flat fading cases, the frequency-selective channel already contains some level of frequency diversity inherent in the channel. Therefore, we do not see as distinctive slope changes for the frequency-selective channel as for the flat fading channel.
Figs. 5 and 6 show simulation results for 2- and 4.5-bits/s/Hz cases,
respectively, for the 5-tap exponentially faded channel model. When
compared with the flat fading case in Fig. 4, the overall FER curve
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Fig. 4. Comparison in flat fading channels.

Fig. 6. Comparison for 4.5 bits/s/Hz in 5-tap exponentially decayed fading
channel.

Fig. 5. Comparison for 2 bits/s/Hz in 5-tap exponentially decayed fading
channel.

Fig. 7. Comparison of 802.11a system and the 2 by 2 ST-BICM without
iterations for 4.5 bits/s/Hz in exponentially decayed fading channels with
various RMS delay spreads.

slopes are steeper due to the frequency-selective nature of the channel.
Actually, it appears that there are no distinctive differences in the FER
curve slopes between one and two transmit antennas. This confirms the
observation made in the analysis section that the slope change due to
additional transmit antennas may become indistinguishable when the
channel already contains enough diversity in frequency. As a result,
the performance gain of the 2 by 1 system over the single antenna case
reduces to 5 dB at 1% FER. However, the 2 by 2 system still exhibits
a gain of 9 dB over the single antenna case at 2 bits/s/Hz, and the gain
increases to 12.5 dB for the 4.5-bits/s/Hz case.
One interesting thing we observe in these plots is that in the 2 by 1
system, the performance with five iterations is much better than that
with one iteration, whereas in the 2 by 2 system, the performance gain
is only 2 dB with five iterations. The reason for this is that the MIMO
demapper in the 2 by 1 system needs to deal with one equation yk1 in
(4), which contains two unknown variables x1k and x2k . Therefore, the
performance at the MIMO demapper with no a priori information at
the first iteration is very poor, and this is greatly improved by the subsequent iterations. In contrast, the 2 by 2 system can generate relatively
reliable output values at the MIMO demapper. Thus, the performance
with one iteration is already close to that with many iterations.

Rather poor performance with one iteration when the system employs more transmit antennas than receive antennas is then attributed
to inaccurate demodulation operations in the demapper block, which
cannot be improved without an aid of iterative decoding. Similarly, it
has been observed in [29], which did not consider an iterative decoder,
that the use of Nt > Nr leads to poor performance in fast fading cases.
This indicates that it is crucial to apply iterative decoding schemes for
the ST-BICM system when Nt > Nr .
In the 2 by 2 system, we may resort to one iteration as observed in
the previous section. This observation leads to a much simpler architecture for the 2 by 2 system. If we take only one iteration, which means
no feedback from the decoder, then the MAP decoder can be replaced
by a simple Viterbi decoder. Therefore, the overall complexity would
be considerably reduced at the expense of only 2-dB performance loss
compared with the case with five iterations. In addition, this structure
allows a low latency, which is important to some delay-sensitive applications such as real time transmission.
Therefore, from now on, we focus on the 2 by 2 ST-BICM system
with a conventional Viterbi decoder replacing a MAP decoder without
any iterations. Fig. 7 presents the performance comparison between
the 2 by 2 system with the 802.11a standard for 4.5-bits/s/Hz system
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in exponentially decayed fading channels with various RMS delay
spreads. Note that for exponentially faded channels, the exponential
decay constant is equal to the RMS delay spread. This plot shows that
the 802.11a system distinctively exhibits the irreducible error floor
in channels with the RMS delay spread exceeding 300 ns. Compared
with this, the 2 by 2 ST-BICM system shows quite robust system
performance, even without iterative decoding schemes in channels
with RMS delay spreads as high as 400 ns. It is clear from the plot that
compared with the conventional single antenna system, the proposed
noniterative 2 by 2 ST-BICM system can operate in channels with
much higher delay spreads. Therefore, the guard time interval in one
OFDM symbol can be reduced significantly in the 2 by 2 ST-BICM
system, and this leads to a higher throughput.
It should be noted that when operated in a noniterative fashion, the
baseband operation of the 2 by 2 ST-BICM system can be implemented
with a lower complexity than that of the 802.11a system since the
number of states in the Viterbi decoder trellis is reduced from 64 to
16. To achieve the same spectral efficiency of 4.5 bits/s/Hz, the modulation scheme of the 2 by 2 system becomes 8 PSK, which is much
simpler for front-end receiver design than 64 QAM in the 802.11a standard. In addition, note that the receiver does not need to estimate the
noise power N0 because by max-log approximation, the LLR computation in (4) is simplified to
min

x 2S

kyk 0

p

Es

Hk xk k2 0 x 2S kyk 0 p sHk xk k2
min

E

:

The only complexity increase in the baseband operation
p comes from
the above demapper block computation of k k 0 Es k k k2 , as
it now requires 20 multiplications instead of 6. However, the number
of candidates to compute the optimum demapper values remains the
same for both systems in one demapper block. Therefore, the total complexity in terms of baseband operation in the proposed 2 by 2 system
can be lower than the conventional system.

y

Hx

V. DISCUSSION AND CONCLUSIONS
A flexible class of space-time codes based on bit-interleaved coded
modulation systems has been derived and evaluated for wideband frequency-selective channels. We have also analyzed the pairwise error
probability for the OFDM system with multiple antennas assuming
correlated fading channels. Computer simulations demonstrate the efficacy of the systems for block fading channels using an OFDM system.
One possible application is future wireless LANs. We have found that
an iterative decoding scheme is crucial when there are more transmit
antennas than receive antennas. It has also been shown that a 2 by 2
system without iterations can achieve more than 10 dB gain over a
single antenna system, and it exhibits robust performance for channels with severe delay spreads. Moreover, the baseband operation complexity decreases in comparison to the 802.11a standard. Many issues
remain to be looked into, especially the choice of mapper and interleaver for the best engineered systems.
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