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Abstract In this article we analyze a novel idea to increase
the applicability of Bit Interleaved Coded Modulation with
Iterative Decoding (BICM-ID) to legacy waveforms. One es-
sential design parameter of BICM-ID receivers with respect to
the error correcting capabilities is the symbol mapping of the
digital modulation scheme. A so-called Semi-Set Partitioning
(SSP) symbol mapping is well known to provide higher step-
wise gains in robustness in every iteration than a Gray
encoded symbol mapping. The novel approach is based on
the idea to make in a first step of BICM-ID the deliberately
false assumption that a well performing symbol mapping has
been used at the transmitter, even though in reality a less
powerful symbol mapping was applied. In a second step, the
mismatch in both symbol mappings is compensated by an
innovative Transformation of Extrinsic Information (TEI).
After having reviewed the innovative TEI idea in more detail,
we will discuss the fundamentals of the required signal pro-
cessing. In addition, as a novelty of this article we will analyze
three different ways to implement the TEI approach. Several
simulation results will be shown which demonstrate the theo-
retically achievable performance gains.

Keywords Software defined radio . Legacy waveform .

Portability . Interoperability .Extrinsic Information .Box-Plus
and Box-Minus Operations

1 Introduction

The key motivation for this research project is the assumption
that in the future established legacy radios as well as modern
Software Defined Radios (SDRs) will operate together in the
same mission. Our objective is to provide the operator of an
SDR an added value if compared to the operator of the legacy
radio even if both are using the same waveform. This added
value can be expressed in, e.g., an increased robustness of the
waveform and thus, in an increased communication range. In
order not to impair the interoperability on the air interface with
the established legacy radios in mixed mode, the actions to be
taken should be applied primarily on the receiver side.

It has already been analyzed in a preliminary study [1],
whether a so-called Bit Interleaved Coded Modulation with
Iterative Decoding (BICM-ID) [2] receiver structure alone can
provide the desired profits. Such a receiver is characterized in
that the decoding result of the error protection mechanism is
fed back to the demodulator in the form of reliability informa-
tion (so-called extrinsic information). The latter one can ex-
ploit this extra knowledge to improve its initial detection re-
sult. Bymultiple, iterative exchanges of reliability information
between demodulation as well as error protection significant
gains can be achieved in case of an appropriate parameteriza-
tion of the error protection as well as the modulation schemes.

The preliminary studies [1] have demonstrated that it is not
possible to achieve any gain by means of BICM-ID [2] alone
when aGray encoded symbol mapping is used for modulation.
Around the turn of the millennium X. Li et al. [3] have already
shown that when using a so-called Semi Set Partitioning (SSP)
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symbol mapping significant gains in Bit Error Rate (BER)
performance can be realized. But, this assumes that the SSP
symbol mapping is used at both ends of the communication
scheme, the transmitting and the receiving end. However, the
established legacy radios, to which interoperability is to be
maintained, usually use a Gray encoded symbol mapping
which is optimal for non-iterative receiver structures.

As part of the research project it was now investigated
whether it is possible to realize gains in robustness by an
innovative BICM-ID receiver structure even for still applying
a Gray encoded symbol mapping at the transmitter. The basic
idea is to make the deliberately false assumption in the de-
modulation that at the transmitting end a (modified)1 SSP
symbol mapping was used. This deliberately false assumption
is corrected again in a subsequent novel Transformation of
Extrinsic Information (TEI). Some first fundamental insights
into the new approach have already introduced by us in [4].

In this article, we will briefly review the result of [4] that a
round-trip transformation between a Gray encoded symbol
mapping as well as a (modified) SSP symbol mapping exists.
A particular challenge is that these transformations are not at
the bit-level (i.e., in GF (2), Galois Field), but work with reli-
ability information (i.e., so-called Log-Likelihood Ratios (LLRs
or L-values) in the set of real numbers ℝ). This matter of fact
offers several ways for implementations which will be analyzed
for the first time in detail in this article. In addition, it will then
be demonstrated in the context of a boundary experiment that in
case of Error-Free Feedback (EFF) from the error protection
mechanism to demodulation significant gains can theoretically
be realized. However, so far these gains could not be obtained
by simulation with any of the above mentioned practical
implementations. Further research in this field is still required.

2 Transmission System with BICM-ID

Figure 1 shows the block diagram of a transmission system
employing Bit Interleaved Coded Modulation with Iterative
Decoding (BICM-ID).

Let us assume that a binary random source generates a
sequence x of N bits x ∈ {0,1}. A channel encoder (Forward
Error Correction, FEC) of rate r adds redundancy which can
be exploited at the receiving end of the communication
scheme for error correction. The channel encoded sequence
y is then bit-interleaved. Digital modulation of order M maps
log2(M) consecutive bits of the bit-interleaved sequence into a
sequence s of symbols s.

After transmission of the individual symbols s over an
Additive White Gaussian Noise (AWGN) channel with known

channel quality ES/N0, a sequence z of noisy elements z ∈ ℂ is
received. ES is the mean energy per symbol s and N0 the noise
power spectral density of the AWGN.

The aim of the BICM-ID receiver is to recover the originally
sent bits x as good as possible from the received sequence z.
For this purpose, the inner component of the iterative process,
i.e., Soft-Demodulation (SD), determines so-called extrinsic
information in terms of L-values LSD,ext(y) individually for
each coded bit y. Please notice, that the sign of these
L-values indicates the binary hard-decision in bi-polar for-
mat (i.e., a logical 0 becomes a bi-polar +1 and a logical 1
becomes a bi-polar −1) while the magnitude represents the
reliability. Thus, the L-values can take any real value L(y) ∈ℝ.

After de-interleaving the L-values LSD,ext(y) of soft-
demodulation become a priori input knowledge LFEC,apri(y)
for the Soft-Input/Soft-Output (SISO) FEC-Decoder. On the
one hand, the SISO-FEC-Decoder can provide the hard
decoded estimate x̂ for the possibly sent data bit x. On the other
hand, the SISO-FEC-Decoder can provide its decoding gain in
terms of LFEC,ext(y), or the interleaved counterpart LSD,apri(y), as
a priori knowledge to soft-demodulation. This new extra infor-
mation helps soft-demodulation to refine the original L-values
LSD,ext(y). In case of a proper configuration of all the system
parameters, several iterations can provide reliability gains such
that the number of residual bit errors in x̂ decreases steadily.

The comparison of the originally sent sequence x and its
estimated reconstruction x̂ allows to determine the Bit Error
Rate (BER) as a function of the channel quality ES/N0.

2.1 Simulation Examples

Figure 2 shows the simulation examples for two different con-
figurations of system parameters. In both examples, a terminated
convolution code of rate r=3/4 with generator polynomial
G(133,171)8 and puncturing pattern (1,1,0; 1,0,1) is used to en-
code a sequence x ofN=894 bits (plus 6 bits for termination). In
addition, in both examples 8-PSK (Phase Shift Keying) is used
for digital modulation. The key difference between both exam-
ples is the symbol mapping which is used in digital modulation.

1 The SSP symbol mapping used here is not identical to the one proposed
in [3], but it offers the same Harmonic Mean dh

2=2.877 (see also
Section 2.1).

Figure 1 Block diagram of a transmission system with bit interleaved
coded modulation with iterative decoding (BICM-ID).
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On the one hand, a Gray encoded symbol mapping is used
(see Fig. 3a). On the other hand, a (modified) SSP symbol
mapping is applied (see Fig. 3b).

The simulation results in the left part of Fig. 2 show that
both system configurations provide different BER-over-ES/N0

behavior. A system design with a Gray encoded symbol map-
ping works best if no iterations are carried out, i.e., if soft-
demodulation and SISO-FEC-decoding are realized only
once. However, with a Gray encoded symbol mapping no
noteworthy gains in BER can be realized by higher numbers
of iteration. The BER performance remains the same for dif-
ferent numbers of iteration.

In contrast, significant gains in BER can be realized by
several iterations if a (modified) SSP symbol mapping is ap-
plied. The dashed-curve illustrates the best possible perfor-
mance in case of Error-Free Feedback (EFF) of reliability
information from the SISO-FEC-decoder to the soft-demodu-
lator. For a BER of 10−6 gains in ES/N0 of up to 6.00 dB are
theoretically achievable. The gains (and losses for small

numbers of iterations and BER values greater than ~10−3)
for all BER values are shown in the right part of Fig. 2.

3 Novel Idea with Transformation of Extrinsic
Information

Obviously, in the BER regions which are relevant for a prac-
tical application, i.e., typically BER<10−3 for voice and BER
<10−6 for data, a BICM-ID receiver with a (modified) SSP
symbol mapping provides a much better performance than a
receiver with a Gray encoded symbol mapping. One of the
reasons is a higher so-called Harmonic Mean dh

2 [3]. The
Harmonic Mean is a measure which is directly related to the
EFF case. It determines a measure for the average Euclidean
Distance between these signal constellation points which dif-
fer in exactly one bit position. The dashed lines in Fig. 3
illustrate an example for the symbol mapping 000. It can be
seen that on average the distances are higher for the (modified)
SSP symbol mapping if compared to the Gray encoded sym-
bol mapping. Thus, the question arises if we can exploit the
higher Harmonic Mean of a BICM-ID receiver with a (mod-
ified) SSP symbol mapping even if a Gray encoded symbol
mapping is used at the transmitter (dh

2,SSP=2.877 is greater
than dh

2, GRAY=0.809).
Our novel innovative idea tries to exploit the higher

Harmonic Mean dh
2 of a (modified) SSP symbol mapping

on communication links where actuallyGray encoded symbol
mappings are used. For that purpose, wemake the deliberately
false assumption in the soft-demodulation that at the

Figure 2 Bit error rate (BER)
curves for BICM-ID receivers
with different symbol mappings.

Figure 3 8-PSK signal constellation sets with (a) Gray encoded symbol
mapping, (b) (modified) SSP symbol mapping.
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transmitting end a (modified) SSP symbol mapping was used.
This deliberately false assumption is corrected again in a sub-
sequent novel Transformation of Extrinsic Information from
LSD,ext
SSP (y) to LSD,ext

GRAY (y). The respective inverse transformation
needs to be applied to the reliability information LSD,apri

GRAY (y)
(becomes LSD,apri

SSP (y)), which is fed back from the SISO-
FEC-decoder.

3.1 Transformations in case of Hard-Decision Decoding

In order to simplify matters and to improve comprehensibility
of the new scheme with Transformations of Extrinsic
Information, let us start with the extreme case of Hard-
Decision decoding. In that case we can focus on the coded
bits y ∈ {0,1} instead of considering the reliability values L(y)
∈ ℝ. The transfer of our considerations to these L-values will
follow in Section 3.2.

If we want to use a (modified) SSP symbolmapping in Soft-
Demodulation even though a Gray encoded symbol mapping
was used at the transmitter, the Transformation block in Fig. 4
needs to realize the mapping between both domains. In case of
Hard-Decision decoding, this can simply be done by matrix
operations in GF(2), e.g., for the two 8-PSK signal constella-
tion sets shown in Fig. 3 we have

yGRAY ¼ ySSP ⋅
1 1 0
0 1 1
1 1 1

0
@

1
A: ð1Þ

For instance, the symbol mapping ySSP=(101) (see Fig. 3b)
becomes yGRAY=(001) (see Fig. 3a). Thus, the matrix on the
right hand side of Eq. (1) can be used to transform symbol
labels from the (modified) SSP domain to the Gray encoded
domain. It is easy to prove that the inverse for the specific
example shown in Fig. 3 is given by

ySSP ¼ yGRAY ⋅
0 1 1
1 1 1
1 0 1

0
@

1
A : ð2Þ

Thus, as a first important intermediate result we can con-
clude that a transformation between both domains exists in
case of Hard-Decision decoding.

3.2 Transformations in case of Soft-Decision Decoding

However, BICM-ID receivers are based on Soft-Decision
Decoding. That means reliability information in terms of
L-values is exchanged between the soft-demodulation
and SISO-FEC-decoding components. In conclusion,
simple matrix computations like in Eqs. (1) and (2)
cannot be used to transform from the (modified) SSP
domain into the Gray encoded domain and vice versa.
However, techniques which are well known from Turbo-
decoding of binary block and convolutional codes (e.g.,
[5]) and/or Low Density Parity Check (LDPC, e.g., [6])
decoding can be exploited.

3.2.1 The Box-Plus Operator ⊞

In [5] J. Hagenauer et al. have introduced the so-called
Box-Plus operation ⊞ for Turbo-decoding of binary
block and convolutional codes. The Box-Plus operation
⊞ is defined as

L xA⊗xBð Þ ¼ L xAð Þ⊞L xBð Þ

¼ log
1þ exp L xAð Þ þ L xBð Þð Þ
exp L xAð Þð Þ þ exp L xBð Þð Þ : ð3Þ

Equation (3) allows determining the reliability value for the
combination of two L-values L(xA), L(xB)∈ℝ. Simply speak-
ing, applying the Box-Plus operation ⊞ to L-values L(xA)⊞
L(xB) corresponds to the XOR-combination ⊗ of the repre-
sented binary values xA⊗xB.

3.2.2 The Box-Minus Operator ⊟

The inverse operation to the Box-Plus operation⊞was at first
introduced by T. Clevorn et al. [6] asBox-Minus operator⊟ in
the context of efficient belief propagation decoding of LDPC
codes. This Box-Minus operator ⊟ is defined as

L xAð Þ⊟L xBð Þ ¼ log
1−exp L xAð Þ þ L xBð Þð Þ
exp L xAð Þð Þ−exp L xBð Þð Þ : ð4Þ

Please note, with the Box-Minus operator⊟ we can ensure
that

L xAð Þ⊞L xBð Þð Þ⊟L xBð Þ ¼ L xAð Þ : ð5Þ

It is also important to note that the Box-Minus operation, as
it is defined in Eq. (4), provides a real numbered output value
L xAð Þ⊟L xBð Þ∈R if and only if L xAð Þj j < L xBð Þj j. This side
constraint is fulfilled per definition in the original context of
decoding LDPC codes [6]. However, it remains to be the most
challenging issue in the context of Transformation of Extrinsic
Information which is discussed in the present article.

Figure 4 Soft-Demodulation with additional transformations at input
and output.
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3.2.3 Different Options for Transformations in case
of Soft-Decision Decoding

In this section we will discuss different options for the
Transformations of Extrinsic Information in case of Soft-
Decision decoding. For this purpose, we have to apply the
Box-Plus and Box-Minus operations (see Sections 3.2.1 and
3.2.2) to our findings for Hard-Decision decoding (see
Section 3.1).

Option A – Implementation with Box-Plus Operations on-
ly In a first option, we consider the two transformation matri-
ces given in Eqs. (1) and (2) to be independent rate r=1 non-
systematic linear block codes. With the assumption of mutual
independence of both matrices we can directly apply the Box-
Plus operation individually to both. Thus, Eq. (1) becomes
(the lower index BSD,ext^ is skipped to enhance readability)

LGRAY y1ð Þ ¼ LSSP y1ð Þ ⊞ LSSP y3ð Þ
LGRAY y2ð Þ ¼ LSSP y1ð Þ⊞LSSP y2ð Þ⊞LSSP y3ð Þ
LGRAY y3ð Þ ¼ LSSP y2ð Þ ⊞ LSSP y3ð Þ :

ð6Þ

in case of Soft-Decision decoding. Equation (6) determines the
set of equations which need to be applied to the L-values in
order to perform the Transformation (see Fig. 4) from the
(modified) SSP domain into the Gray encoded domain.

Analogously, the Inverse Transformation (see also Fig. 4)
from the Gray encoded domain into the (modified) SSP do-
main according to Eq. (2) becomes (the lower index BSD,apri-
is skipped to enhance readability)

LSSP y1ð Þ ¼ LGRAY y2ð Þ ⊞ LGRAY y3ð Þ
LSSP y2ð Þ ¼ LGRAY y1ð Þ ⊞ LGRAY y2ð Þ
LSSP y3ð Þ ¼ LGRAY y1ð Þ⊞LGRAY y2ð Þ⊞LGRAY y3ð Þ :

ð7Þ

Please notice, while Eq. (2) is the inverse of Eq. (1) in
Hard-Decision decoding, the set of Eq. (7) does not describe
the exact mathematical inverse for the set of Eq. (6) in Soft-
Decision decoding anymore. It is easy to prove that

xA⊗xBð Þ⊗xB ¼ xA ð8Þ
but usually,

L xAð Þ⊞L xBð Þð Þ⊞L xBð Þ≠L xAð Þ : ð9Þ

Consequently, the assumption of mutual independence of
both matrices causes a loss of mathematical correctness. Thus,
with respect to Eq. (5) it is important to use the Box-Minus
operation as well.

Option B – Implementation with Box-Minus Operations
in the Inverse Transformation In a second option, we use
the same set of Eq. (6) to perform the Transformation (see
Fig. 4) from the (modified) SSP domain into theGray encoded

domain. Hence, in order to ensure that the Inverse
Transformation is described by a set of equations which is
mathematically inverse to (6), it is easy to prove that
Eqs. (2) and (7) respectively, must be re-written as

LSSP y1ð Þ ¼ LGRAY y2ð Þ ⊟ LGRAY y3ð Þ
LSSP y2ð Þ ¼ LGRAY y2ð Þ ⊟ LGRAY y1ð Þ
LSSP y3ð Þ ¼ LGRAY y1ð Þ⊟ LGRAY y2ð Þ⊟LGRAY y3ð Þ� �

:
ð10Þ

Thus, as a second important intermediate result we can
conclude that also in case of Soft-Decision decoding transfor-
mations between both domains, the (modified) SSP domain as
well as the Gray encoded domain, exist. However, in order to
make sure that both transformations are exactly inverse to
each other the Box-Minus operation ⊟ becomes necessary.

However, introducing the Box-Minus operation ⊟ reveals
some new challenges for a practical implementation because it
provides real-valued outputs only for specific relations of the
inputs (i.e., L xAð Þj j < L xBð Þj j ). Unfortunately, this cannot be
guaranteed in the BICM-ID receiver because of the Soft-
Demodulation block which is located between both transfor-
mations (see Fig. 4).

Option C – Implementation with Box-Plus Operations in
the Inverse Transformation The third option is complemen-
tary to Option B. That means, if the set of Eq. (7) is used to
perform the Inverse Transformation (see Fig. 4) from theGray
encoded domain into the (modified) SSP domain, then Box-
Minus operation needs to be applied in the Transformation.
From that follows

LGRAY y1ð Þ ¼ LSSP y3ð Þ ⊟ LSSP y1ð Þ
LGRAY y2ð Þ ¼ LSSP y1ð Þ⊟ LSSP y3ð Þ⊟LSSP y2ð Þ� �
LGRAY y3ð Þ ¼ LSSP y3ð Þ ⊟ LSSP y2ð Þ :

ð11Þ

The key issues and challenges with Option C are the same
as for Option B. They are just shifted from the Inverse
Transformation in Fig. 4 to the Transformation.

Summary of Options Table 1 shows a summary of the sets of
equations which are used by the different options under con-
sideration in this article.

Option A has the benefit that is utilizes the Box-Plus oper-
ation only which allows avoiding the issues and challenges
with the Box-Minus operation. However, Option A suffers

Table 1 Summary of options under consideration.

Transformation
(see Fig. 4)

Inverse Transformation
(see Fig. 4)

Option A Eq. (6) Eq. (7)

Option B Eq. (6) Eq. (10)

Option C Eq. (11) Eq. (7)
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from the fact that the sets of Eqs. (6) and (7) are not exactly
mathematically inverse to each other.

In contrast, the set of Eqs. (6) and (10) of Option B as well
as (7) and (11) of Option C have proven to be mathematically
inverse, but in both options we have to face the issue that the
Box-Minus operation provides real-valued outputs only under
side constraints which are not fulfilled by nature.

Before analyzing the BER performances of all these three
options in Section 4, we will discuss a first attempt to solve the
Box-Minus operation issue next.

3.2.4 The Box-Minus Operation Issue in the EFF Case

For that purpose, let us consider the extreme case of Error-
Free Feedback (EFF). On one hand, the EFF case will give us
an idea about the best possible theoretically attainable perfor-
mance of the BICM-ID receiver. On the other hand, it allows
us avoiding the Box-Minus operation issue. In the EFF case
the L-values LGRAYSD;apri yð Þ take the values ±∞ (i.e.,þ∞ for y ¼ 0

and −∞ for y ¼ 1Þ. Table 2 summarizes the results of the Box-
Minus operation according to Eq. (4) for all combinations of
L xAð Þ and L xBð Þ in the EFF case.

Thus, in the EFF case we can use a lookup table (see
Table 2) instead of implementing the Box-Minus operation
as defined in Eq. (4).

3.2.5 First Attempt to Solve the Box-Minus Operation Issue

The EFF case is an extreme case that gives insights in the best
possible theoretically attainable performance of the BICM-ID
receiver. For a practical implementation under regular condi-
tions it remains to be a challenging task to provide solutions
for situations in which L xAð Þj j≮ L xBð Þj j. As a first attempt, we
propose to replace all these Box-Minus operations of Eqs. (10)
or (11) by Box-Plus operations whenever L xAð Þj j≮ L xBð Þj j. For
instance, the set of Eq. (10) becomes

LSSP y1ð Þ ¼ LGRAY y2ð Þ ⊞ LGRAY y3ð Þ
LSSP y2ð Þ ¼ LGRAY y2ð Þ ⊟ LGRAY y1ð Þ
LSSP y3ð Þ ¼ LGRAY y1ð Þ⊟ LGRAY y2ð Þ⊞LGRAY y3ð Þ� � ð12Þ

if LGRAY y2ð Þ > LGRAY y3ð Þ: Note, on a case-by-case decision
we only replace the operation and not the entire line in which
L xAð Þj j≮ L xBð Þj j (see, e.g., last line of Eq. (12)). Thus, in cer-
tain situations we propose to use the Box-Plus operation

instead of using the Box-Minus operation. Of course, this
means again a loss of mathematical correctness as already
explained in Section 3.2.3 (see e.g., Eq. (9)).

Anyways, the main purpose of this article is to review the
basic idea of an innovative BICM-ID receiver with a novel
Transformation of Extrinsic Information [4] and to perform an
analysis of various implementation options. For this we have
introduced the fundamental math in Sections 3.1, 3.2.1 and
3.2.2 as well as an approach to determine the best possible
theoretically attainable performance in Section 3.2.4. The so-
lution for the Box-Minus operation issue proposed in
Section 3.2.5 may just be considered as a first attempt
allowing a first implementation for simulation purposes.
Better approaches might exist. This is a matter of ongoing
research work at our institutes.

4 Simulation Results and Analysis of Different
Options

Figures 5, 6, and 7 show the simulation results for the different
options of novel BICM-ID receiver with a Transformation of
Extrinsic Information (TEI, see right part of Fig. 4 and
Table 1). The simulation settings are the same as in
Section 2.1 (see Fig. 2) for the classic BICM-ID schemes with
a standard Soft-Demodulation block (see left part of Fig. 4).

4.1 Simulation Results for Option A

The left part of Fig. 5 shows the BER curves for Option A, i.e.,
for the implementation of the Transformation and Inverse
Transformation using Box-Plus operations only.

Obviously, the BER curve for the EFF case of the new
BICM-ID receiver with Transformation of Extrinsic
Information (TEI) outperforms the BICM-ID receiver with a
classic Soft-Demodulator for a Gray-encoded symbol map-
ping considerably. For instance, for a BER of 10−6 gains in
ES/N0 of up to 5.51 dB are theoretically achievable (see right
part of Fig. 5).

However, we are not able to realize these theoretical gains
with Option A. Like the simulation results for the (modified)
SSP symbol mapping shown in Fig. 2 there is an expected loss
in BER-over-ES/N0 performance if we realize Soft-
Demodulation and SISO-FEC decoding only once. One rea-
son for this loss can be found in the fact that both transforma-
tions are not exactly inverse to each other when we use Box-
Plus operations only. Anyways, but unlike the simulation re-
sults for the (modified) SSP symbol mapping the performance
does not improve for higher numbers of iteration.
Unfortunately, the BER behavior remains the same for differ-
ent numbers of iteration.

Table 2 Results of the
⊟ operation in the EFF
case.

L(xA) L(xB) L(xA)⊟L(xB)

+∞ +∞ +∞
+∞ −∞ −∞
−∞ +∞ −∞
−∞ −∞ +∞
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4.2 Simulation Results for Option B

Figure 6 shows the BER curves for Option B, i.e., for the
implementation of the Inverse Transformation (see Fig. 4)
considering Box-Minus operations.

It can easily be seen that the performance is more or less the
same as for Option A. The EFF curve promises a noteworthy

theoretically achievable gain (e.g., for a BER of 10−6 gains in
ES/N0 of up to 5.51 dB), however so far we were not able to
realize any of these theoretical gains. One reason is that the
first attempt to solve the Box-Minus operation issue (as intro-
duced in Section 3.2.5) is not the most appropriate solution.
No additional gains can be achieved by the iterations. Further
research work (like an EXIT-chart analysis [7]) is necessary to

Figure 5 BER curves for a
BICM-ID receiver with transfor-
mation of extrinsic information
(TEI) – Option A.

Figure 6 BER curves for a
BICM-ID receiver with transfor-
mation of extrinsic information
(TEI) – Option B.
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find a better solution for the challenging Box-Minus operation
issue.

Please notice, the only difference between the simulation re-
sults for Options A and B can be found the small grey-shaded
area. The best result is achieved for the initial iteration (i.e., 0
iterations). For higher numbers of iterations the BER perfor-
mance is slightly less. From this observation it can be concluded
that the first attempt to solve theBox-Minus operation issue is not
best suited because it introduces some additional errors.

4.3 Simulation Results for Option C

Finally, Fig. 7 shows the BER curves for Option C, i.e., for the
complementary approach to Option B in which we consider
Box-Minus operations in the implementation of the
Transformation (see Fig. 4).

Obviously, the BER performance of Option C looks differ-
ent from the results for Options A and B. For the first time we
have found an implementation which allows to approach the
reference curves of the classical Gray encoded system quite
closely. However, still none of the BER curves outperforms
this reference.

In addition, the remaining principle behavior is the same as
for the other two options. The EFF curves promises significant
gains (e.g., for a BER of 10−6 gains in ES/N0 of up to 5.32 dB),
but neither the initial iteration nor any higher number of iter-
ation can close the gap to the EFF curve. Again, like in Option
B the initial iteration is slightly better than the other ones.

Thus, from Figs. 5, 6 and 7 it can be concluded as a third
important intermediate result that Option C is the favorable im-
plementation approach because it provides the best BER perfor-
mance of all three options. Please note, only Option B was
discussed in [4]. However, even though the BER curves of
Option C come close to the reference and even though the EFF
curve of Option C promises considerable gains, none of the
curves outperforms the reference and none of the promised gains
have been realized so far. The first attempt to solve theBox-Minus
operation issue (see Section 3.2.5) was not powerful enough.

4.4 Outlook

In our still ongoing research, we have already done a similar
analysis for 16-QAM modulation as well. The principle be-
havior shown by the respective simulation results is the same
as described in this article for 8-PSK modulation.

Thus, in a next step we will perform an EXIT-chart analysis
[7] (Extrinsic Information Transfer, EXIT) of all options. The
EXIT-chart analysis tool will allow us visualizing the conver-
gence behavior of the BICM-ID process. So-called EXIT
characteristics for the Soft-Demodulator as well as the
SISO-FEC Decoder will determine bounds for a so-called
Decoding Trajectory which illustrates the stepwise increase
of extrinsic information in every iteration. Based on this visu-
alization, we hope to much better understand the reasons for
the absence of gains by the iterations and to propose a more
powerful solution for the Box-Minus operation issue.

Figure 7 BER curves for a
BICM-ID receiver with transfor-
mation of extrinsic information
(TEI) – Option C.
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Typically, there are two effects which can prohibit such
gains. The first one is a flat EXIT characteristic of Soft-
Demodulation (like for the Gray encoded symbol mapping)
and the second one is an intersection of both EXIT
characteristics. The first reason can be neglected here because
the EFF performance already indicates theoretically achiev-
able performance improvements. Thus, we can expect that
the EXITcharacteristic of the Soft-Demodulation in combina-
tion with the Transformation and the Inverse Transformation
(see Fig. 4) is not flat anymore. If an intersection of both
EXIT characteristics turns out to be the limiting factor,
then a (slightly) different system configuration typically helps.

In addition, we will investigate in detail the reasons for the
better BER performance of Option C if compared to the one of
Option B.

5 Conclusions

In this article we have analyzed different approaches to
implement a novel idea for BICM-ID receivers with
innovative Transformations of Extrinsic Information.
The key motivation for introducing the new signal pro-
cessing was to provide an added value (higher robust-
ness, longer communication ranges) to operators of
modern SDRs while preserving interoperability to legacy
equipment. For this purpose, in a first step, the deliberately
false assumption is made that a well performing symbol map-
ping has been used at the transmitter, even though in reality a
less powerful symbol mapping was applied. In a second step,
the mismatch in the symbol mappings at the transmitter and
receiver is compensated by the innovative Transformation of
Extrinsic Information.

After having reviewed the fundamentals of the required
novel signal processing, we have discussed several options
for implementations. In addition, we have demonstrated by
simulation that the theoretically achievable performance gains
in the Error-Free Feedback case are considerable. However,
for a practical implementation under regular conditions the
Box-Minus operation turned out to be a critical element.
Finding a proper solution for the Box-Minus operation issue
is still a matter of ongoing research work.
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