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Abstract

Bit-interleaved coded modulation with iterative decoding (BICM-ID) is investigated for bandwidth efficient
transmissions, where the error performance can be improved by employing a suitable symbol mapping. In this paper,
we introduce a low-complexity irregular mapping optimization for BICM-ID with irregular doping and 8-ary
phase-shift keying (8PSK) modulation over both additive white Gaussian noise (AWGN) and Rayleigh fading channels,
for the purpose of achieving near-capacity performances. The Euclidean distance spectrum and the extrinsic
information transfer (EXIT) chart analysis are aided for the proposed optimization to provide design guidelines of
mappings. The bit error rate (BER) results demonstrate that the BICM-ID system with the proposed optimal irregular
mapping and doping outperforms the other typical symbol mappings, and yields a gain of about 0.1 and 0.5 dB for
AWGN and Rayleigh fading channels, respectively. Moreover, it is only about 0.5 and 0.73 dB away from the
discrete-input continuous-output memoryless channel (DCMC) capacity limits of AWGN and Rayleigh fading
channels, respectively, at the BER of 10−4 and for the spectral efficiency of 2 bits/channel use.

Keywords: Bit-interleaved coded modulation with iterative decoding (BICM-ID); Irregular mapping; Doping;
Distance spectrum; Extrinsic information transfer (EXIT) chart

1 Introduction
Bit-interleaved coded modulation (BICM) [1,2] is the
serial concatenation of a channel encoder, a bitwise inter-
leaver, and a symbol mapper. It is a bandwidth-efficient
approach primarily considered for fading channels, which
increases the time diversity of coded modulation and
yields a better coding gain over Rayleigh fading chan-
nels than trellis-coded modulation (TCM). The perfor-
mance of BICM can be greatly improved through iterative
decoding (ID), which is an effective technique to improve
decoding performances. The BICM with iterative decod-
ing (BICM-ID) [3-5] takes advantages of iterative infor-
mation exchanges between the demapper and the channel
decoder and provides excellent performances over both
additive white Gaussian noise (AWGN) and Rayleigh fad-
ing channels.
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An additional unity-rate recursive inner encoder named
doping [6,7] is implemented for BICM-ID, which is
referred to as unity-rate precoding in [8]. The doping
module adds no redundancy yet introduces dependencies
between adjacent bits. The dependent bits have a signifi-
cant influence on the mutual information exchanges and
bring about an arbitrary low error rate with an infinite
interleaver length. It has been demonstrated in [6] that
the error floor can be reduced or even removed by doping
techniques in iterative schemes based on BICM.
Since the symbol mapper is a basic constituent part of

BICM-ID, the optimization of symbol mappings is crucial
for the error performance of BICM-ID. The Euclidean dis-
tance spectrum for mappings [9] is defined to characterize
mappings and derive precise error bounds. To overcome
the complexity problems of the exhaustive search formap-
pings of higher order constellations, the binary switching
algorithm (BSA) [9] is implemented to find the optimal
mapping, by means of searching for the best cost function
(CF) based on the characteristics of the distance spec-
trum. Furthermore, adaptive BSA (ABSA) is proposed in
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[10], which adaptively changes the CFs of the BSA with
the aid of the extrinsic information transfer (EXIT) chart
analysis [11-13]. On the other hand, all mappings of a
given modulation are classified into a number of classes
of unique mappings according to bit-wise distance spectra
[14], which brings significant complexity reduction of the
search for suitable mappings.
Instead of using the same signal constellation and sym-

bol mapping, which are named as the regular modulation
and regular mapping, different signal constellations or
symbol mappings are employed for the modulation of
BICM-ID [7,8,15-17], which are referred to as irregular
modulations and irregular mappings, respectively. The
design of irregular modulations is focused in [15], while
that of [16] is based on the design of irregular map-
pings. Jointly considering the irregular modulations and
mappings with doping, a bit-interleaved coded irregular
modulation (BICIM) scheme is proposed in [7], which
assigns different signal constellations and mappings with
doping to maximize the average bandwidth efficiency for
a constant channel quality. Furthermore, with the combi-
nation of the irregular convolutional codes, the irregular
unity-rate codes, and the irregular mappers, an optimal
error performance is achieved in [8]. In addition, a simpli-
fied irregular mapping scheme is provided in [17], and a
near-capacity performance is obtained with the ABSA for
optimal irregular mapping search.
According to the above backgrounds and discussions, as

a goal of this paper, we propose a lower complexity irreg-
ular mapping optimization for BICM-ID with 8-ary phase
shift keying (8PSK) modulation compared with the exist-
ing algorithms. The proposed optimization algorithm is
a curve-fitting approach with the aid of the EXIT chart
analysis, where there is no need to calculate the CFs of
every pair of constellation points as presented in [9,10].
Apart from the curve-fitting approach, we also use the
classification method for mappings proposed in [14] to
further decrease the complexity of the optimization algo-
rithm. By that means, we only focus on a small number of
unique mappings out of the total mappings of the constel-
lation, according to the classification with the Euclidean
distance spectrum. In the meantime, a near-capacity per-
formance is achieved by irregular doping. The irregular
doping is carefully designed in the proposed optimiza-
tion algorithm for error floor removal, which leads to a
further improvement of the error performance. On the
other hand, a performance trade-off between AWGN and
Rayleigh fading channels is presented in this study. With
the aid of signal space diversity (SSD) [18,19], we prelimi-
narily investigate the simultaneous optimization over both
AWGN and Rayleigh fading channels.
Since the scope of this paper is focused on the opti-

mization of irregular mapping and doping, the following
discussion will be restricted to a rate of 2/3 convolutional

coded (CC) [20] system with 8PSK, and the spectral effi-
ciency is 2 bits/channel use.
The rest of this paper is organized as follows. Section 2

briefly reviews the scheme of BICM-ID with doping.
Section 3 analyzes the characteristics of mappings by the
EXIT chart and the Euclidean distance spectrum, thus
provides design guidelines for the mappings. Section 4
proposes the optimization of irregular mapping with
irregular doping, where the EXIT curves of BICM-ID
with the proposed optimal irregular mapping and dop-
ing are provided to reveal the performance improvement.
The performance trade-off between AWGN and Rayleigh
channels is presented in Section 4 as well. Section 5
provides the simulation results of BER performances
and decoding trajectories with EXIT charts and demon-
strates the advantages of the proposed mappings over
both AWGN and Rayleigh channels. Finally, Section 6
concludes the paper.

2 Review of BICM-ID with doping
The scheme of BICM-ID with doping is depicted in
Figure 1. The transmitter is a serial concatenation of the
encoder, the bit-wise interleaver �, the doping module,
and the modulator. Compared with the general BICM-ID
scheme [5], an additional inner code of unity-rate two-
state recursive systematic convolutional (RSC) code is
added, which is referred to as doping in [6]. The receiver
includes a soft demapper, a doping decoder, and a soft-
input soft-output (SISO) decoder. The iterative decoding
algorithm is implemented with soft feedback, that is, the
doped demapper and the SISO decoder exchange extrinsic
information through the iterative processes. The detailed
algorithm is described in [6].
The doping rate P is an important parameter of the dop-

ing module, where every Pth information bit is replaced
by the RSC encoded bit (as shown in Figure 2). There-
fore, dependent values between the adjacent bits are
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Figure 1 The scheme of BICM-ID with doping.
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Figure 2 The structure of the doping module.

introduced by doping, and an arbitrary low error rate is
allowed with an interleaver length going to infinity. As a
result, the error floor reduction or even removal in iter-
ative schemes is possible. The analysis of doping module
with doping rate P is detailed in Section 3.1.

3 Characteristics of mappings
As mentioned, symbol mapping is crucial for the error
performance of BICM-ID. Hence, the analysis of the char-
acteristics of mappings is important. In this section, we
use the analysis tools of the EXIT chart and the Euclidean
distance spectrum to characterize mappings both intu-
itionally and theoretically; thus, we obtain a design guide-
line of irregular mapping optimization. Note that in this
section, we only discuss about the characteristics of map-
pings over AWGN channels. In regard to Rayleigh fad-
ing channels, the characteristics of mappings are similar
as those for AWGN channels; thus, they are omitted
here.

3.1 EXIT chart analysis
The EXIT chart is based on mutual information to
describe the flow of extrinsic information through the
SISO constituent decoders, which is originally proposed
in [11]. It is proved to be a powerful analysis tool to
provide design guidelines for mappings of an iterative
demapping and decoding scheme.
In general, an EXIT chart plots the mutual information

IE as a function of IA, where IA is the average a priori
information going into the decoder and IE is the aver-
age extrinsic information coming out of the decoder. The
EXIT chart usually has two EXIT curves for a serially con-
catenated system, that is, the EXIT curve of the inner
decoder and the inverted EXIT curve of the outer decoder.
As the EXIT chart is an efficient tool for the conver-
gence prediction of the error performance, the behavior of
the decoding algorithm could be approximately predicted
before actually running the algorithm, by the following
properties [12,13]:

- If there is a crossing point between the two EXIT
curves, the value of this crossing point indicates the
error floor of the decoding algorithm.

- If there is an open EXIT tunnel between the two EXIT
curves, an infinitesimally low BER could be achieved,
when large interleavers and iterations are provided.

- The open tunnel’s area is proportional to how closely
can the scheme operate to the channel capacity.

For the BICM-ID with doping system depicted in
Figure 1, the two EXIT curves are the EXIT curve of the
doped demapper (the inner decoder) and the inverted
EXIT curve of the SISO decoder (the outer decoder). This
EXIT chart expresses the exchanges of the extrinsic infor-
mation between these two decoders. In this study, we
consider a few typical symbol mappings of 8PSK [5]: the
Gray mapping, the set-partitioning (SP) mapping, and the
semi-set-partitioning (SSP) mapping. Their EXIT curves
are depicted in Figures 3 and 4 at Eb/N0 = 4 dB over
AWGN channels, where Figure 3 shows the EXIT curves
of the general BICM-ID and Figure 4 shows the EXIT
curves of the BICM-ID with doping (doping rate P = 50).
For reference, we depict the inverted EXIT curve of the
SISO decoder simultaneously, and the CC with 2/3 rate
and four states [20] is exploited as the channel encoder.
The SSP mapping is found to be the best mapping of

8PSK for a general BICM-ID system [5], which can eas-
ily be revealed by the EXIT chart in Figure 3 as well. The
EXIT curve of SSP mapping reaches the highest value of
IE1 , thus yields the lowest error floor. However, even the
best mapping of 8PSK cannot create an open EXIT tunnel
since the demapper’s EXIT curve cannot reach the point
(1, 1). As a result, the error performance of the general
BICM-ID with 8PSK is limited.
As mentioned, additional doping has a significant influ-

ence on mutual information exchanges. With the help of
doping, the open EXIT tunnel is conceivable if a proper
symbol mapping is provided. As shown in Figure 4, all
the three doped demapper’s EXIT curves reach the point
(1, 1) with P = 50. Besides, the SP and SSP curves
are both above the inverted SISO decoder’s EXIT curve,
that is, open EXIT tunnels are obtained at Eb/N0 =
4 dB over AWGN channels. It is thus clear that bet-
ter error performances can be achieved with the help of
doping.
In order to analyze the influence of doping rate P for

the system, we depict the EXIT curves of BICM-ID with
SP mapping with doping rate P ∈ {0, 1, 2, 10, 50, 100}
over AWGN channels at Eb/N0 = 4 dB, as shown in
Figure 5, where the curve with P = 0 represents the gen-
eral BICM-ID without doping. Figure 5 demonstrates that
the doping is able to ‘bend up’ the tail of the EXIT curve
for high IA1 to reach the point (1, 1). However, the small
IA1 is lowering with the decrease in doping rate P. Accord-
ing to this property, we obtain that doping rate P can be
used to adjust the EXIT curve shape of BICM-ID with a
given mapping.
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Figure 3 EXIT curves of the general BICM-IDwith typical symbolmappings of 8PSK Eb/N0 = 4 dB.With AWGN channel and 2 bits/channel use.
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Figure 4 EXIT curves of the BICM-ID with doping with typical symbol mappings of 8PSK.With doping rate P = 50, Eb/N0 = 4 dB, AWGN
channel, and 2 bits/channel use.
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Figure 5 EXIT curves of BICM-ID with SP mapping with different doping rates P.With Eb/N0 = 4 dB, AWGN channel, and 2 bits/channel use.

3.2 Distance spectrum
The Euclidean distance spectrum [9] is the average or
cumulated Hamming distance between bit labels at a spe-
cific Euclidean distance, which inherently includes the
properties of the signal constellation and mapping. The
BSA is designed based on the distance spectrum and is
widely used for mapping optimizations of BICM-ID. It
searches for the best CF, which shows the influence of the
mapping on the pairwise error probability (PEP). The CF
is described as [9]

Da = 1
m2m

m∑
i=1

1∑
b=0

∑
sk∈χ i

b

∑
ŝk∈χ i

b̄

exp
(

− Es
4N0

∣∣sk − ŝk
∣∣2)

(1)

for AWGN channels, and

Dr = 1
m2m

m∑
i=1

1∑
b=0

∑
sk∈χ i

b

∑
ŝk∈χ i

b̄

1∣∣sk − ŝk
∣∣2 (2)

for Rayleigh fading channels. χ denotes the signal set of
the M-ary PSK constellation, and χ i

b and χ i
b̄ denote the

two complementary signal subsets, where b̄ = 1 − b ∈
{0, 1}; sk and ŝk are two coded symbols, where sk ∈ χ i

b and
ŝk ∈ χ i

b̄. For anM-ary PSK modulation,m = log2M.

Except for determining corresponding CFs, the
Euclidean distance spectrum can also determine the
corresponding bit-wise mutual information [14], thus
determining the corresponding EXIT curves. The bit-
wise distance spectra are used to classify mappings of
the M-ary PSK constellation. A given set of bit-wise dis-
tance spectra [W0,W1] characterizes an entire class of
equivalent mappings, where W0 is the bit-wise distance
spectrum given no a priori information andW1 is the bit-
wise distance spectrum given full a priori information.
Wi is expressed as

Wi =

⎡
⎢⎢⎢⎣

w1
i (1) w1

i (2) · · · w1
i (M/2)

...
...

. . .
...

wm
i (1) wm

i (2) · · · wm
i (M/2)

⎤
⎥⎥⎥⎦ , i = 0, 1.

(3)

wj
0(k) denotes the total Hamming distance for the jth bit

between one symbol and all other symbols at Euclidean
distance dk , averaged over all symbols of the constella-
tion, while wj

1(k) is denoted similarly for the jth bit when
the other bits of a symbol are all known in the demapping
process. Therefore, the mappings can easily be classified
through an exhaustive search of unique sets of distance
spectra [W0,W1].



Cheng et al. EURASIP Journal onWireless Communications and Networking 2014, 2014:31 Page 6 of 15
http://jwcn.eurasipjournals.com/content/2014/1/31

For 8PSK modulation, the classification reveals 86 dif-
ferent classes of mappings out of a total of 5,040 map-
pings [14]. Accordingly, the EXIT curves of BICM-ID with
8PSK are classified into 86 classes, which are depicted
in Figure 6. Instead of using the exhaustive search for
all mappings of 8PSK constellation, 86 unique mappings
and 86 unique EXIT curves are now under considera-
tion for the design of our optimization algorithm. Taking
advantage of this classification, the computational com-
plexity of the search for suitable mappings is significantly
reduced.
It is remarkable that the classification is based only

on the distance spectra for the two extreme cases of
either no a priori or full a priori information; thus, map-
pings with the same [W0,W1] can still exhibit different
distance properties for arbitrary a priori information in
between the two extreme cases. Hence, the classification
provides a lower bound of the number of unique 8PSK
mappings, which leads the optimization algorithm into
a suboptimal approach rather than a global optimal one.
As a result, there is a trade-off between the complexity
and the performance for the design of the optimization
algorithm. A significant reduction of the complexity is
obtained by the classification, while the near-capacity per-
formance is slightly influenced, which is acceptable for
overall consideration.

4 Optimization of irregular mapping
To obtain the discrete-input continuous-output memory-
less channel (DCMC) capacity associated with 8PSK of
2 bits/channel use, the AWGN channel needs a minimum
Eb/N0 of 2.75 dB, while the Rayleigh fading channel needs
a minimum Eb/N0 of 5.37 dB. For a closer approach to the
DCMC capacity, the regular modulations and mappings
are not effective; thus, the irregular mapping optimization
is under consideration. Taking advantages of the charac-
teristics of mappings discussed in Section 3, we investigate
a curve-fitting optimization algorithm of finding an EXIT
curve of the irregular doped demapper at a minimum
Eb/N0, while ensuring that this curve is all above the
SISO decoder’s inverted EXIT curve and the area within
the open EXIT tunnel is as small as possible. Instead of
calculating CFs as in the BSA, this optimization is a low-
complexity algorithm with the aid of EXIT chart analysis.
In addition, the proposed algorithm only focuses on the
86 unique mappings of 8PSK constellation out of a total
of 5,040 mappings, which is much more efficient than the
exhaustive search algorithms. Furthermore, since the dop-
ing rate P can be used to adjust the EXIT curve shape
of BICM-ID with a given mapping, a carefully designed
irregular doping rate is taken into account for irregular
mapping optimization. Note that the optimization algo-
rithm is designed for AWGN and Rayleigh fading channels
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Figure 6 EXIT curves of 86 unique mappings of 8PSK for BICM-ID with doping.With doping rate P = 50, Eb/N0 = 4 dB, AWGN channel, and
2 bits/channel use.
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separately; we have made further efforts to the simultane-
ous optimization over both AWGN and Rayleigh channels
in Section 4.3.

4.1 Irregular construction
We divide the codeblock of encoded bits into two sub-
blocks with a coefficient α ∈ [0, 1]. Two mappings
T1,T2 ∈ {T} are implemented for the two subblocks
respectively in every codeblock, as shown in Figure 7,
where {T} is the set of the classified unique mappings
of 8PSK modulation. Doping rates P1,P2 ∈ {P} are pro-
vided for the two subblocks. A tiny modification of the
BICM-ID with doping system is necessary since we only
need to alternately select the two mappings and doping
rates according to α; the number of constellation points
are invariant.
It is worth mentioning that doping is able to ‘bend

up’ the tail of the curve for high IA1 while lowering the
small IA1 with the decreasing doping rate P. On the other
hand, dependent values between the adjacent bits are
introduced by doping to reduce the error floor; thus, the
randomness of the coded bits after interleaving is affected,
which will result in performance degradation if the dop-
ing rate is too small. As a result, we set the doping rate
P ∈ {10, 50, 100} over all considerations.
Denote that

(
IP1A1

, IP1E1
)
,
(
IP2A2

, IP2E2
)

∈ {(
IPA, I

P
E
)}

are the
doped demapper’s EXIT curves of mapping T1 with dop-
ing rate P1 and mapping T2 with doping rate P2, respec-
tively, where

{(
IPA, I

P
E
)}

is the set of the classified unique
EXIT curves with doping rate P ∈ {10, 50, 100}. Similarly,
denote

(
IPIrAIr

, IPIrEIr

)
as the mutual information of the system

with irregular mapping and doping. The irregular map-
ping is denoted as TIr = [T1,T2], and the corresponding
doping rate is PIr = [P1,P2]. Taking advantages of the
average approximate of the EXIT chart analysis [13], we
have

IP1E1 = 1 − 1
L1

L1∑
l1=1

HP1
b

(
pl1

)
,

IP2E2 = 1 − 1
L2

L2∑
l2=1

HP2
b

(
pl2

)
,

(4)

8P
S

K
 M

apper1 8P
S

K
 M

apper2

Lα ( )1 Lα−

 coded bitsL

[ ]0,l Lα∈

( ],l L Lα∈

1with doping rate P 2with doping rate P

Figure 7 The construction of the irregular codeblock.

whereHb(·) is the binary entropy function and pl is the bit
error probability. According to the construction of irreg-
ular codeblock shown in Figure 7, IPIrEIr is formulated as

IPIrEIr = 1 − 1
L

L∑
l=1

HPIr
b (pl)

= α

⎛
⎝1 − 1

αL

αL∑
l1=1

HP1
b

(
pl1

)
⎞
⎠ + (1 − α)

×
⎛
⎝1 − 1

(1 − α) L

L∑
l2=αL+1

HP2
b

(
pl2

)
⎞
⎠ .

(5)

From Equations 4 and 5, we arrive at

IPIrEIr = αIP1E1 + (1 − α) IP2E2 . (6)

Therefore, the doped demapper’s EXIT curve with the
irregular mapping TIr = [T1,T2] and doping rate PIr =
[P1,P2] is equivalent to the linear combination of the
two EXIT curves of mapping T1 with doping rate P1
and mapping T2 with doping rate P2 directly. We obtain
that irregular mapping optimization can be transformed
to a curve-fitting problem of the classified unique EXIT
curves, which calculates the irregular doped demapper’s
EXIT curve

(
IPIrAIr

, IPIrEIr

)
at a minimum Eb/N0 according

to Equation 6, while ensuring that this curve is all above
the SISO decoder’s inverted EXIT curve, and the area AIr
within the open EXIT tunnel is as small as possible. Hence,
the optimal TIropt = [

T1opt,T2opt
]
, PIropt = [

P1opt,P2opt
]
,

and αopt are obtained.
The irregular mapping of the considered two map-

pings with linear combination of the corresponding EXIT
curves can easily be generalized as the condition of
N (N > 2) mappings, according to [7]:

IPIrEIr = 1 − 1
L

L∑
l=1

HPIr
b (pl)

=
N∑
i=1

αi

⎛
⎝1 − 1

αiL

αiL∑
li=1

HPi
b

(
pli

)⎞⎠ =
N∑
i=1

αiIPiEi ,

(7)

where the coefficient αi ∈ [0, 1] satisfies the condition
N∑
i=1

αi = 1. (8)

It is conceivable that the irregular mapping optimiza-
tion of N (N > 2) mappings may achieve a better error
performance than the irregular mapping optimization of
two mappings, which is not discussed in this paper and is
currently under investigation.
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4.2 Irregular mapping optimization algorithm
The pseudocode of the irregular mapping optimization
algorithm is shown in Algorithm 1, where the number of
elements in the set of the unique mappings {T} is Q = 86,
according to the discussion in Section 3.2. The doping rate
is Pk ∈ {P} with k = 1, 2, . . . ,K , where we set K = 3
according to Section 4.2, that is, {P} = {10, 50, 100}. The
EXIT curve of the ith regular mapping with doping rate Pk

is denoted as
(
IP

k
i

Ai
, IP

k
i

Ei

)
, i = 1, 2, . . . ,Q, where Pki ∈ {P}

with k = 1, 2, . . . ,K . The SISO decoder’s inverted EXIT
curve is denoted as

(
ICCA , ICCE

)
.

Algorithm 1 Irregular mapping optimization
Input:{T}, {P}, (ICCA , ICCE

)
,
(
IPA, I

P
E
)
;

Initialize:
δ = (δ1, δ2, δ3), Eb/N0 = Clim + δ1, flag = 0,
AIropt = ∞, α = 0, the step length � ∈ [0, 1];

1: for i = 1 : Q, k = 1 : K do

2: if the curve
(
IP

k
i

Ai
, IP

k
i

Ei

)
is all above

(
ICCA , ICCE

)
then

3: Eb/N0 = Eb/N0 − δ2, flag = 0;
4: else
5: flag = 1;
6: end if
7: end for
8: while flag == 1 do
9: for i = 1 : Q, j = 1 : Q, k1 = 1 : K , k2 = 1 : K do

10: α = 0;
11: while α < 1 do

12: IPIrEIr = αIP
k1
i

Ei + (1 − α) I
Pk2j
Ej ;

13: if the curve
(
IPIrAIr

, IPIrEIr

)
is all above

(
ICCA , ICCE

)
then

14: Calculate the area AIr between the two
curves;

15: if AIr < AIropt then
16: AIropt = AIr , αopt = α, TIropt = [

Ti,Tj
]
,

PIropt =
[
Pk1i ,Pk2j

]
;

17: end if
18: else
19: α = α + � ∈ [0, 1];
20: end if
21: end while
22: end for
23: if AIropt == ∞ then
24: Eb/N0 = Eb/N0 + δ3;
25: else
26: flag = 0;
27: end if
28: end while
29: return Eb/N0, TIropt , PIropt , αopt.

For the sake of achieving a near-capacity performance,
the minimum Eb/N0 will be determined before searching
for the optimal irregular mapping. We set an experience
factor δ = (δ1, δ2, δ3) , δ1 > δ2 > δ3 > 0 to adjust the
initial value and the searching step size of Eb/N0. First,
Eb/N0 is initialized as Eb/N0 = Clim + δ1, where Clim is
the DCMC capacity limit valued at 2.75 dB for AWGN
channels and 5.37 dB for Rayleigh fading channels. δ1 is
large enough to ensure that at least one open EXIT tun-
nel is existing at the initial Eb/N0 between the demapper’s
EXIT curve of the regular mapping

(
IPA, I

P
E
)
and the SISO

decoder’s inverted EXIT curve. Second, the value of Eb/N0
is slightly decreasing with δ2 until no open EXIT tunnel is
obtained with the regular mappings. Then, the searching
for the curve

(
IPIrAIr

, IPIrEIr

)
of the optimal irregular mapping

is activated, the optimization algorithm will find a min-
imum Eb/N0 while ensuring that the EXIT curve is all
above the SISO decoder’s inverted EXIT curve, and the
area AIr within the open EXIT tunnel is as small as pos-
sible. If no irregular mapping is found, Eb/N0 will slightly
increase with δ3. In this study, the experience factor is set
as δ = (δ1, δ2, δ3) = (0.5, 0.05, 0.01), according to the
practical experiments.
The minimum Eb/N0 obtained by Algorithm 1 is

Eb/N0 = 3 dB over AWGN channel. Figure 8 demon-
strates the upper and lower bounds of the doped demap-
per’s EXIT curves with doping rate P ∈ {10, 50, 100} at
Eb/N0 = 3 dB over AWGN channels, by calculating all the
86 unique doped demapper’s EXIT curves of 8PSK map-
pings. It is shown that there is still an open tunnel between
the upper bound of the doped demapper’s EXIT curve and
the SISO decoder’s inverted EXIT curve; thus, the optimal
irregular mapping is conceivable.
The EXIT curve of the optimal irregular mapping over

AWGN channels is depicted in Figure 9, where Eb/N0 =
3 dB is the minimum Eb/N0 to create an open EXIT tun-
nel. The gap between theminimum Eb/N0 and the DCMC
capacity limit is 0.25 dB. The optimal irregular mapping
Ta
Iropt =

[
Ta
1opt,T

a
2opt

]
is obtained with PaIropt = [50, 50]

and αa
opt = 0.4.

Similarly, irregular mapping optimization is imple-
mented over Rayleigh fading channels (in this study, we
focus on the independent identically distributed Rayleigh
fading channels); all the other conditions are the same as
those for AWGN channels. The upper and lower bounds
over Rayleigh fading channels at the minimum Eb/N0 =
5.7 dB is depicted in Figure 10. Figure 11 shows the
EXIT curve of the optimal irregular mapping. The gap
between the minimum Eb/N0 and the DCMC capacity
limit is 0.33 dB. The optimal irregular mapping Tr

Iropt =[
Tr
1opt,T

r
2opt

]
is obtained with PrIropt = [50, 100] and

αr
opt = 0.5.
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Figure 8 Upper and lower bounds of doped demapper’s EXIT curves with 8PSKmappings and Eb/N0 = 3 dB.With AWGN channel and
2 bits/channel use.
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Figure 9 EXIT curves of BICM-ID with doping with the optimal irregular mapping of 8PSK.With Eb/N0 = 3 dB, AWGN channel, and
2 bits/channel use.
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4.3 Optimization trade-off between AWGN and Rayleigh
fading channels

The proposed optimization algorithm in Section 4.2 is
designed for AWGN and Rayleigh fading channels sep-
arately; thus, the optimal irregular mapping suited for
AWGN channels can obviously not achieve the opti-
mal performance over Rayleigh fading channels. As a
result, the proposed optimization algorithm is infeasi-
ble for the case of a simultaneous optimization over
both AWGN and Rayleigh fading channels. The tech-
nique of SSD [10,18,19] provides a significant diversity
gain over Rayleigh fading channels while it leads to non-
degradation over AWGN channels, which is suitable for
the case of the simultaneous optimization. With the aid
of SSD, we give a preliminary investigation of the opti-
mization trade-off between AWGN and Rayleigh fading
channels.
For transmission over Rayleigh fading channels, the

module of SSD is cascaded to the proposed BICM-ID with
doping scheme, which is depicted in Figure 12. The diver-
sity order is improved by optimally rotating the constella-
tion and separately interleaving the coordinates. We make
use of the design criterion of obtaining an optimal rotation
for the proposed system in Figure 12, which is expressed
as [18]

D =
⎛
⎜⎝ 1
m2m

m∑
i=1

1∑
b=0

∑
sk∈χ i

b(θ)

f (sk)

⎞
⎟⎠

−1

, (9)

where f (sk) = max
ŝk∈χ i

b̄
(θ)

{
1

|Re(sk−ŝk)|2 + 1
|Im(sk−ŝk)|2

}
. The

symbolic representations in Equation 9 are the same as
those of the CF for Rayleigh fading channels in Equation 2.
The difference between Equations 9 and 2 is that value D
in Equation 9 depends on the rotation angle θ , and the
optimal θ is chosen by maximizing D.
Since we have obtained the optimal Ta

Iropt , P
r
Iropt , and

αa
opt over AWGN channels in Section 4.2, we use exactly

the same parameters for the simultaneous optimiza-
tion between AWGN and Rayleigh fading channels, in
order to firstly maintain the near-capacity performance
over AWGN channels. Then, the optimal parameters for
AWGN channel is used for the BICM-ID-SSD with dop-
ing scheme over Rayleigh fading channels. With the aid of
SSD, the design criterion in Equation 9 is used for choos-
ing an optimal rotation angle θ ; thus, a better performance
is achieved over Rayleigh fading channels. For the rea-
son that the SSD has no influence on transmissions over
AWGN channels, the proposed BICM-ID-SSD with dop-
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Figure 10 Upper and lower bounds of doped demapper’s EXIT curves with 8PSKmappings and Eb/N0 = 5.7 dB.With Rayleigh fading
channel and 2 bits/channel use.
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Figure 11 EXIT curves of BICM-ID with doping with the optimal irregular mapping of 8PSK and Eb/N0 = 5.7 dB.With Rayleigh fading
channel and 2 bits/channel use.

ing schemewith the optimal rotation angle θ will achieve a
near-capacity performance for both AWGN and Rayleigh
fading channels.
We obtain the optimal rotation angle θ = 9° for the pro-

posed BICM-ID-SSDwith doping for 8PSKwith the 2/3-rate,
four-state CC, according to the optimization criterion
in Equation 9. The optimal rotation angle is the same as

that in [18] for BICM with 8PSK and 2/3-rate CC. The
EXIT curve of the proposed BICM-ID-SSD with irregular
mapping and doping over Rayleigh fading channels is
depicted in Figure 13, where the parameters of irregular
mapping and doping are exactly the same as the optimal
parameters for AWGN channels. For comparison, we
also depict the EXIT curve without constellation rotation.

Encoder

Doping
Decoder

SISO
Decoder

Channel

Rotated
8PSK Mapper

Doping

Soft
Demapper

Doped Demapper

θ

IQ Interleaver

IQ 
Deinterleaver

Figure 12 The scheme of BICM-ID-SSD with doping.
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Figure 13 EXIT curves of BICM-ID-SSD with doping, Eb/N0 = 5.7 dB, Rayleigh fading channel, and 2 bits/channel use.

As shown in Figure 13, the demapper’s EXIT curve
with the optimal rotation angle θ = 9° becomes steeper
than the curve without rotation, which is the same as
mentioned in [19]. With the aid of SSD, the open EXIT
tunnel between the demapper’s EXIT curve and the SISO
decoder’s inverted EXIT curve is obtained over Rayleigh
fading channels, while using the optimal Ta

Iropt , P
r
Iropt , and

αa
opt over AWGN channels. Since no performance degra-

dation is caused by SSD for transmissions over AWGN
channels, the proposed BICM-ID-SSD with doping for
8PSK with the rotation angle θ = 9° performs the
same as the separate optimization over AWGN chan-
nels. In other words, the simultaneous optimization over
both AWGN and Rayleigh fading channels reaches the
same performance as the separate optimization algorithm
over AWGN and Rayleigh fading channels. However, the
optimization criterion is based on the harmonic mean
of the square of Euclidean distance [18], which is not
effective enough as mentioned in [19]. Further study is
needed for an effective optimization, which is now under
investigation.

5 Simulation results
This section provides the simulation results to confirm
the advantages of the proposed optimal irregular map-
pings of 8PSK with BICM-ID with irregular doping. We

also provide the simulation of the general BICM-ID for
comparison. The 2/3-rate, four-state CC is implemented
as the encoder, and the generator sequences are g1=(6,2,6),
g2=(2,4,4) [20]. The spectral efficiency is 2 bits/channel
use, which yields a DCMC capacity limit of 2.75 dB for
AWGN channels and 5.37 dB for Rayleigh fading chan-
nel. We set the block length of the proposed system to
200,000 bits and the iterations to 50.
The BER performances of BICM-ID systems are pre-

sented in Figure 14 over AWGN channels and in Figure 15
over Rayleigh fading channels, respectively, including the
performances of both the general BICM-ID system and
the BICM-ID with doping system. For the general BICM-
ID system, the typical symbol mappings [5] (Gray, SP,
and SSP) are employed. For the BICM-ID with doping
system, we employ typical symbol mappings with the dop-
ing rate P = 50 and optimal irregular mappings with
irregular dopings, which are obtained in Section 4. For
AWGN channels, it is shown in Figure 14 that the curve of
BICM-ID using the optimal irregular mapping and doping
outperforms the other mappings. It yields a gain of about
0.1 dB at the BER of 10−4 than the SP mapping of BICM-
ID with doping, which is the best out of the other BER
curves with typical mappings. While for Rayleigh fading
channels, Figure 15 demonstrates that the BER curve of
BICM-ID with the optimal irregular mapping and doping
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Figure 14 BER of BICM-ID with 8PSK, AWGN channel, and 2 bits/channel use.

4 4.5 5 5.5 6 6.5 7 7.5 8

10−5

10−4

10−3

10−2

10−1

100

Eb/N0(dB)

B
E

R

Gray

SP

SSP

Gray(doping)

SP(doping)

SSP(doping)

Irregular optimal

DCMC capacity

Figure 15 BER of BICM-ID with 8PSK, Rayleigh fading channel, and 2 bits/channel use.
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Figure 16 EXIT chart and decoding trajectory of the BICM-ID with doping scheme with optimal irregular mapping and Eb/N0 = 3.25 dB.
With AWGN channel and 2 bits/channel use.
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Figure 17 EXIT chart and decoding trajectory of the BICM-ID with doping scheme with optimal irregular mapping and Eb/N0 = 6.1 dB.
With Rayleigh fading channel and 2 bits/channel use.
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also performs best and yields a gain of about 0.5 dB at the
BER of 10−4 than the second best BER curve. As expected,
the doping module allows to reduce the theoretical error
floor to a value too low to be observed in the simulations
both in Figures 14 and 15.
The gap between the DCMC capacity limit and the

optimal curve at BER=10−4 is 0.5 dB for AWGN chan-
nels and 0.73 dB for Rayleigh fading channels, that is,
the maximum achievable capacity of the proposed opti-
mal irregular mapping is 3.25 dB over AWGN channels
and 6.1 dB over Rayleigh channels. The decoding trajecto-
ries of the BICM-ID with the proposed optimal irregular
mappings are depicted in Figures 16 and 17, at Eb/N0 =
3.25 dB for AWGN channels and Eb/N0 = 6.1 dB for
Rayleigh fading channels, respectively. The trajectories are
well matched to the corresponding EXIT curves, and the
iterations needed for reaching the point (1, 1) are less than
30 over both AWGN and Rayleigh channels. However, it is
worth mentioning that the BER performance of BICM-ID
with the proposed optimal irregular mapping and doping
is slightly worse than the suggestion of the EXIT chart
analysis in Section 4 for both AWGN and Rayleigh fad-
ing channels. The reason is that the BER performance is
restricted to the size of the interleaver and the iterations.
A potential improvement of the BER performance is pre-
dictable due to the implementation of an ideal interleaver
and iterations regardless of the high complexity.

6 Conclusions
In this paper, we have proposed a low-complexity irregular
mapping optimization for BICM-ID with irregular dop-
ing and 8PSK. The Euclidean distance spectrum and the
EXIT chart are aided for the proposed optimization to
provide design guidelines of mappings, and the computa-
tional complexity is largely decreased by the classification
of mappings. The simulation results demonstrate that the
proposed optimal irregular mapping and doping yield a
better performance than the typical symbol mappings of
8PSK, that is, a 0.1-dB gain over AWGN channels and a
0.5-dB gain over Rayleigh fading channels at BER=10−4.
In addition, the optimal irregularmapping performs about
0.5 and 0.73 dB away from the DCMC capacity limit over
AWGN and Rayleigh channels, respectively, at BER=10−4

and for the spectral efficiency of 2 bits/channel use.
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