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ABSTRACT We present a method to efficiently apply turbo coding to OFDM in-phase/quadrature index
modulation (OFDM-IQ-IM) for both cases of presence and absence of puncturing. We show that using
the posterior probabilities of turbo-coded bits in the Bahl-Cocke-Jelinek-Raviv (BCJR) decoding algorithm
yields the same decoding performance as using the likelihood probabilities of turbo-coded bits. We investi-
gate the difference in error rate between systematic bits and parity check bits of systematic turbo coding and
the difference in error rate between index selecting bits (ISBs) and symbol selecting bits (SSBs) of OFDM-
IQ-IM. Based on the results, we devise a new bit mapping scheme that can efficiently split turbo-coded bits
into ISBs and SSBs in OFDM-IQ-IM. Simulations show that the proposed bit mapping scheme improves
the bit error rate (BER) of the turbo-coded 4QAM-based OFDM-IQ-IM approach and that the turbo-
coded 4QAM-based OFDM-1Q-IM approach applying the proposed bit mapping scheme outperforms the

turbo-coded 4QAM-based OFDM approach in the high signal-to-noise ratio (SNR) region.

INDEX TERMS Turbo decoding, in-phase/quadrature index modulation, interleaving, puncturing.

I. INTRODUCTION

Index modulation (IM) is a promising technology that can
achieve additional transmission rates by using indices of an
active resource, where the resource can be a transmission
entity such as transmit antenna, subcarrier, modulation type,
precoder, time slot, channel status, etc [1], [2]. The concept of
IM was applied to orthogonal frequency division multiplex-
ing (OFDM) to be known as OFDM-IM [3], [4]. To further
improve the spectral efficiency of OFDM-IM, numerous vari-
ants of OFDM-IM such as OFDM in-phase/quadrature IM
(OFDM-IQ-IM), dual-mode OFDM-IM (DM-OFDM-IM),
multiple-mode OFDM-IM (MM-OFDM-IM), and layered
OFDM-IM (L-OFDM-IM) have been developed [5], [6], [7],
[81,[91, [10], [11]. Note that an early concept similar to IQ-IM
can be found in quadrature spatial modulation [12], [13].
To enhance the bit error rate (BER) performance of OFDM-
IM, numerous OFDM-IM variants such as coordinate inter-
leaved OFDM-IM (CI-OFDM-IM), enhanced CI-OFDM-IM

The associate editor coordinating the review of this manuscript and

approving it for publication was Shuangqing Wei

(ECI-OFDM-IM), linear constellation precoding OFDM-IQ-
IM (LCP-OFDM-IQ-IM), and generalized MM-OFDM-IM
(GMM-OFDM-IM) have been developed [7], [14], [15], [16].
Recent OFDM-IM variant techniques incorporating the IQ
concept can be found in [17] and [18]. In [19], a Gray-coded
index mapping was adopted as an efficient mapping between
the index selecting bit (ISB) sequences and constellation
mode pattern (CMP) sequences for a small subblock size
of DM-OFDM-IM. In [20], the concept of efficient map-
ping was extended to large subblock sizes of OFDM-1Q-IM
and CI-MM-OFDM-IM. A low-density parity check (LDPC)
code was applied to OFDM-IM in [21] and to MM-OFDM-
IM in [22]. Therein, formulas were provided to calculate
the posterior probabilities of the ISBs and symbol selecting
bits (SSBs) of OFDM-IM, and those probabilities were used
as input to the LDPC decoder. However, the application of
the formulas was limited in the cases of small subblock
sizes and low modulation orders due to computational com-
plexity. In [23], low complexity formulas were derived to
calculate the posterior probabilities of the ISBs and SSBs
of OFDM-IM, reducing the implementation complexity of
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LDPC decoding in LDPC-coded OFDM-IM systems with-
out performance loss. In [24], a factor graph based general-
ized approximate message passing (G-AMP) algorithm was
applied for LDPC decoding in OFDM-IM. LDPC decoding
of [24] was based on the posterior probabilities of zero and
non-zero symbols transmitted on inactive and active subcarri-
ers, resulting in decoding complexity that increases exponen-
tially with symbol constellation size. In [25], iterative channel
estimation and data detection based on an AMP algorithm
was applied to a turbo receiver of OFDM-IM. However, the
joint design of channel estimator, data detector, and channel
decoder for the iterative AMP algorithm in [25] inevitably
increased the hardware cost and computational complexity.
The issues of hardware cost and computational complexity
will be mitigated if the turbo decoder design can be decoupled
from the OFDM-IM demodulator design. However, to the
best of our knowledge, this kind of disjoint design for a turbo-
coded OFDM-IM system or its variant has not been reported
in the literature. Motivated by the efficient application of
turbo coding to OFDM-IM or its variant, this paper focuses
on the decoupled design of an OFDM-IQ-IM demodulator
and a turbo decoder. As a representative turbo decoding
algorithm, the Bahl-Cocke-Jelinek-Raviv (BCJR) decoding
algorithm [26] that applies maximum a posteriori decoding
has been used. The BCJR decoding algorithm requires the
likelihood probabilities of turbo-coded bits as input, whereas
the LDPC decoding algorithm often uses the posterior prob-
abilities of LDPC-coded bits as input. Since the ISBs and
SSBs of OFDM-IQ-IM are intertwined due to the nature of
the IM application, it is very difficult to directly calculate the
likelihood probabilities of the turbo-coded bits in OFDM-IQ-
IM. Therefore, applying turbo coding to OFDM-IQ-IM may
require finding another type of input to the BCJR decoding
algorithm instead of the likelihood probabilities of the turbo-
coded bits.

In this paper, we present a method to efficiently apply
turbo coding to OFDM-IQ-IM for both cases of presence
and absence of puncturing. We show that using the poste-
rior probabilities of turbo-coded bits in the BCJR decoding
algorithm yields the same decoding performance as using the
likelihood probabilities of turbo-coded bits. We investigate
the difference in error rate between systematic bits and parity
check bits of systematic turbo coding and the difference in
error rate between ISBs and SSBs of OFDM-IQ-IM. Based on
the results, we devise a new bit mapping scheme that can effi-
ciently split turbo-coded bits into ISBs and SSBs in OFDM-
1Q-IM. Simulations show that the proposed bit mapping
scheme improves the BER of the turbo-coded 4QAM-based
OFDM-IQ-IM approach and that the turbo-coded 4QAM-
based OFDM-IQ-IM approach applying the proposed bit
mapping scheme outperforms the turbo-coded 4QAM-based
OFDM approach in the high signal-to-noise ratio (SNR)
region.

The rest of this paper is organized as follows. Sec-
tion II describes the turbo-coded OFDM-IQ-IM approach.
Section III investigates the error rate difference between the
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FIGURE 1. The block diagram of a systematic turbo encoder.

systematic bit and parity check bit of systematic turbo cod-
ing and the error rate difference between the ISB and SSB
of OFDM-IQ-IM, and describes the random bit mapping
schemes. Based on the findings, Section III describes the
proposed bit mapping schemes for both cases of presence
and absence of puncturing. Section V shows by simulation
that the proposed bit mapping scheme outperforms a random
bit mapping scheme when applied for a turbo-coded OFDM-
IQ-IM approach. Finally, Section VI provides concluding
remarks.

Notations: (-)T and (-)¥ stand for transpose and Her-
mitian transpose operations, respectively. |x| denotes the
greatest integer less than or equal to x. |x| denotes the
absolute value of x. With n being a natural number, N,
denotes a set given by {1, 2, --- , n} and n! denotes the fac-
torization of n. diag(x) denotes a diagonal matrix with its
diagonal components given by a vector x. 9i{x} and J{x}
denote the real and imaginary part of x, respectively. ,Ck
denotes the number of the k-combinations from a set of n
components.

Il. SYSTEM MODEL

We consider a turbo-coded OFDM-IQ-IM system operating
in a frequency-selective channel environment. The OFDM
block comprises N subcarriers and conveys a message m
consisting of N; information bits. We model the channel
impulse response as a tapped delay line with N /8 taps, assum-
ing that each channel tap has Rayleigh fading. Fig. 1 shows
the block diagram of a systematic turbo encoder to generate
systematic codes. We assume that the interleaver of the turbo
encoder uses random interleaving. The turbo encoder triples
the message m to yield a codeword ¢’ that consists of N¢(=
3Ny) bits. Then, the generated systematic code has a code rate
Rc = 1/3.m’ denote a sequence consisting of the interleaved
bits of m. m, and m; fort = 1,2, ---, Ny denote the ¢-th bit of
m and the ¢-th bit of m’, respectively. cgl) is called systematic
bit, which is the same as m;. c§2) is the encoding result of m; by
the first recursive convolutional (RC) encoder and c§3) is the
encoding result of m, by the second RC encoder. The encoded
bits, cgz) and c§3), are called parity check bits. We assume that
the first and second RC encoders have the same generation
function given by

G(D) = (1+ D% /(1 + D + D%, 1)
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where D denotes the delay factor. The turbo-coded bit
sequence ¢ of length 3N is formed as

nD @ .3 1.0 3 n @ @3
¢ _[c() @ ()C(Z)Cg) 3) "Cgv,)cgv,)c()]' )
Fig. 2 shows the transmitter structure of a turbo-coded
OFDM-IQ-IM system. The turbo-coded bit sequence ¢’ is
interleaved by an inner interleaver to yield ¢. For OFDM-IQ-
IM application, the OFDM block is divided into Np subblocks

and c is divided into Np subsequences accordingly as
c=[cf ¢ - e, 1", 3)

where each subsequence carries Nc/Np bits. The number
of subcarriers in a subblock is n = N /Np. OFDM-IQ-IM
activates only k real subcarriers in a subblock to transmit k
real symbols and only k imaginary subcarriers in a subblock
to transmit k imaginary symbols. Symbols transmitted in a
subblock are made up of the sum of the active real symbols
selected from the real symbol constellation and the active
imaginary symbols selected from the imaginary symbol con-
stellation. In M-ary-QAM-based OFDM-IQ-IM, the number
of the ISBs that can be transmitted in the real part of a
subblock is p; = [log,(,Ck)] and the number of the SSBs
that can be transmitted in the real part of a subblock is
p2 = kllogy,(M)/2]. The same is true for the imaginary
part of a subblock, so the total number of bits that can be
transmitted in a subblock is 2(p| +p2). In M -ary-QAM-based
OFDM, the number of the bits that can be transmitted on
n subcarriers is nlog,(M). Therefore, with a fixed M, the
condition for M-ary-QAM-based OFDM-IQ-IM to have a
transmission rate greater than or equal to M -ary-QAM-based
OFDM is given by

2([logy (wCr)] + kllogy(M)/2]) = nlogy(M).  (4)

The values of M that satisfy (4) for which (n,k) pairs exist are
2 and 4. In the case of M = 4, there are many pairs of (n, k)
that satisfy this condition, i.e., (n, k)=(2, 1), (4, 2), (5, 2),
(8,3), (9,3), (12,4), - - -, for the equality and (n, k)=(6, 3),
(7, 3), (8,4), (9,4), (10,4), (11,4), -- -, for the inequality.
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FIGURE 3. (a) The 4QAM symbol constellation, (b) The real and imaginary
symbol constellations for a 4QAM-based OFDM-IQ-IM approach.

However, when M > 4, there is no pair of (n, k) that satisfies
the above condition. We choose M = 4 to compare the error
rate performance of OFDM-IQ-IM and OFDM at the same
transmission rate. 4QAM-based OFDM-IQ-IM prepares the
real and imaginary symbol constellations by dividing the
4QAM symbol constellation as shown in Fig. 3. In this
paper, we focus on a turbo-coded 4QAM-based OFDM-IQ-
IM approach with n = 2 and k = 1, which corresponds to the
simplest implementation with the same transmission rate as
a turbo-coded 4QAM-based OFDM approach. We will show
later in the simulation section that this approach outperforms
the turbo-coded 4QAM-based OFDM approach in the high
SNR region. In the turbo-coded 4QAM-based OFDM-1Q-
IM approach with n = 2 and k = 1, the number of the
bits carried in a subblock is given by 2(p; + p2) = 2(1 +
1) = 4. When N = 120, the number of the subblocks is
Np = N/n = 60 and the number of the turbo-coded bits is
Nc¢ = 2p x Np = 240. The bit sequence delivered in the -th
subblock for 8 =1, 2, - - - , Np is defined as

s =[b1, bo, di, 2], )

where by and b, denote the ISBs and d; and d, denote the
SSBs. by is used to select an active real subcarrier and d; is
used to select a real symbol transmitted over the active real
subcarrier. Similarly, b, is used to select an active imaginary
subcarrier and d» is used to select an imaginary symbol
transmitted over the active imaginary subcarrier. The subcar-
rier activation pattern (SAP) sequence represents an active
subcarrier pattern for a subblock. The total number of SAP
sequences is given by Nsap = 2C; = 2. According to [19]
and [20], we assume that an SAP sequence, a; = [0, 1],
is selected by an ISB 0 and another SAP sequence, a; =
[1,0], is selected by an ISB 1. Note that 0 and 1 in each of
a; and a; denote inactive and active subcarriers, respectively.
Let a,, and a,, for ny,n € N> be the SAPs that are used
for transmitting the real and imaginary symbols, respectively.
We denote the active real subcarrier index for transmitting
the real symbol as Ir(e";l) and the active imaginary subcarrier

index for transmitting the imaginary symbol as Il(lgé)ge Note
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that I 1) e Ny, Defining

real * “image
S 2 (S0, $1} = {=1/v2, 1/3/2}, (©6)

we write the real and imaginary symbols transmitted on the
active real and imaginary subcarriers of the S-th subblock as

B)
X =S4,
real, Ir(:all ) &
B
X =S4, 7
imag,I-(nz) 2 ( )

imag

respectively. With i} # Ir(:efl) and iy # Ii(n'zgl, for i1, i € N>,
we write Xr(fa)l,il = 0 and Xﬁﬁ;g’iz = 0. Then, the symbol

transmitted on the v-th subcarrier for v € N is given by

B) - (B)
X\Eﬂ) = Xreal,v +JXimag,v‘ (8)
We define the OFDM block as
X = [xO7 x0T . x0T ©)

where X®) denotes the S-th subblock,
T
x® = [xP xP1". (10)

Since a subcarrier-level interleaver improves error perfor-
mance by transforming a frequency domain channel into an
uncorrelated one [27], we assume that X passes through a
symbol-level interleaver to yield

X M) xWe) O xOp) T
X=[x;" - x"x;"0 - x" ] (11)

The interleaved OFDM block X undergoes inverse fast
Fourier transform and cyclic prefix addition before trans-
mission. At the receiver, a series of processes includ-
ing cyclic prefix elimination, fast Fourier transform,
and subcarrier-level deinterleaving are applied. Then, the
received signal for the 8-th subblock can be written as

Y® = diag(H(ﬁ))X(ﬂ) + W(ﬂ), (12)
where H®) is the frequency domain channel vector
T
H® = [P B ] (13)

with H‘Eﬁ ) forv e N> being a zero-mean circularly sym-
metric complex Gaussian (ZMCSCG) random variable with
variance 0, and W' is an additive noise vector

T
WO = [w® W] (14)

with W% for v e A being a ZMCSCG random variable
with variance Ny. The SNR is defined as p = E;, /Ny, where
E), denotes the average energy per bit. The v-th component of
Y® for v € N, can be written as

Y‘fﬂ) — ngﬂ)X‘gﬁ) + W‘fﬁ). (15)

The remaining receiver part of the turbo-coded OFDM-IQ-
IM approach is illustrated in Fig. 4. By separating the poste-
rior probability estimator block from the turbo decoder block,
we decouple the turbo decoder design from the OFDM-IQ-
IM demodulation design. Note that the turbo encoder block
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FIGURE 4. The receiver structure of a turbo-coded OFDM-1Q-IM system.

in Fig. 2 and the turbo decoder block in Fig. 4 can be easily
replaced with other encoder and decoder blocks to apply
different codes as long as the decoder can take the posterior
probabilities of the coded bits as its input. The output of the
posterior probability estimator corresponds to the posterior
probabilities of ISBs and SSBs of OFDM-IQ-IM. The inner
deinterleaver takes the output of the posterior probability
estimator as its input and yields the posterior probabilities
of turbo-coded bits. We assume that the BCJR decoding
algorithm is used by the turbo decoder. The BCJR decoding
algorithm requires as input the likelihood probabilities of
turbo-coded bits. However, it is very difficult to derive the
likelihood probabilities of turbo-coded bits because the ISBs
and SSBs are tied together due to the nature of the IM applica-
tion. We found that the posterior probabilities of turbo-coded
bits can also be used as input to the BCJR decoding algorithm,
which can be explained as follows.

With the BCJR decoding algorithm, the prior probability
that a systematic bit will be 0 (or 1) is initially set to 1/2,
and the prior probability that an encoded parity check bit will
be O (or 1) is also initially set to 1/2. According to Bayes’
theorem [28], it can be said that the likelihood probability of
a turbo-coded bit is proportional to the posterior probability
of that bit in the initial stage of the BCJR decoding algorithm.
For example, given p(cgl) =x) = 1/2forx € {0, 1}, we can
write the likelihood probability of ¢! as

1 1 1 1 1
prMeY = x) = 2p M) pe” = x1r) - (16)

by the Bayes’ theorem, where r,(l) denotes the received signal
corresponding to cﬁl). It means that the likelihood probability
of cgl), p(r,(l)|c§1) = x), is proportional to the posterior
probability of ¢!, p(c!" = x|r"). Since the BCJR decod-
ing algorithm applies normalization to its input probabili-
ties, the posterior probability of a turbo-coded bit can replace
the likelihood possibility of that bit in the initial stage of the
BCIJR decoding algorithm. In the BCJR decoding algorithm,
two decoders alternately and iteratively estimate the message
sequence until the message sequences estimated by both
decoders converge. Since each decoder uses the same set of
likelihood possibilities of the systematic and encoded parity
check bits for every iteration [29, chap. 14], it is concluded
that the posterior probabilities of turbo-coded bits can be
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taken as input to the turbo decoder and used iteratively for
every iteration of the BCJR decoding algorithm.

The posterior probability estimator calculates the posterior
probabilities of ISBs and SSBs of OFDM-IQ-IM for all sub-
blocks and sends the results to the inner deinterleaver. The
formulas to calculate the posterior probabilities of ISBs and
SSBs of OFDM-IQ-IM are presented in Appendix-A. Finally,
the turbo decoder estimates ¢’ by using the output of the
inner deinterleaver and extracts the systematic bits from the
estimated ¢’ to estimate the message m.

ill. PROPOSED SCHEME

We describe an efficient bit mapping scheme for a turbo-
coded OFDM-IQ-IM approach without puncturing, followed
by an efficient bit mapping scheme for a turbo-coded OFDM-
IQ-IM approach with puncturing. We investigate the differ-
ence in error rate between systematic bits and parity check
bits of systematic turbo coding and the difference in error
rate between ISBs and SSBs of OFDM-IQ-IM. Based on the
results, we devise a new bit mapping scheme.

A. FOR THE CASE WHERE NO PUNCTURING IS USED

We assume that the length of the message m is N; = 80, the
length of the rate 1/3 turbo-code ¢’ is Nc = 240, and the
number of ISBs and SSBs is 120 each.

1) THE RANDOM BIT MAPPING SCHEME WHEN NO
PUNCTURING IS APPLIED

For the case when no puncturing is applied, we consider the
following random bit mapping scheme. In the inner inter-
leaver block as shown in Fig. 2, the turbo-coded bit sequence
¢’ in (2) is divided into three subsequences,

1 1 1
O ),

2) (2 2
? = [c(l)c(z) CEVI)],

3) 3 3
O =[P (17)

The lengths of ¢V, ¢/®, and ¢/® are 80, respectively. Then,
D, @ and ¢/® are merged into a sequence according to
random interleaving. The ISBs and SSBs are taken alterna-
tively in order from the merged sequence and finally, ¢ is
formed according to (3) and (5). When the receiver is done
estimating the posterior probabilities of the bits of ¢, it finds
the posterior probabilities of the bits of ¢’ by performing the
opposite operations of the inner interleaver on the posterior
probabilities of the bits of c.

2) THE ERROR RATE DIFFERENCE BETWEEN THE
SYSTEMATIC BITS AND PARITY CHECK BITS OF TURBO
CODES

We divide the turbo-coded bit sequence ¢ into three subse-
quences, ¢/, ¢/@, and ¢'® as in (17). We examine which
subsequence is more susceptible to errors by forcing inten-
tional errors on the posterior probabilities of the bits of
each subsequence and applying the BCJR algorithm. To craft
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FIGURE 5. BER comparison of three intentional error cases when
considering the turbo-coded 4QAM-based OFDM-1Q-IM approach.

%
Q@
m
102 F : 1
0,
L
o
Q-+ Uncoded 4QAM-based OFDM-IQ-IM
—4A—1SBs of uncoded 4QAM-based OFDM-IQ-IM N
—— SSBs of uncoded 4QAM-based OFDM-IQ-IM
10,3 I I I I I I
0 2 4 6 8 10 12 14
SNR(dB)

FIGURE 6. BER comparison of the ISBs, the SSBs, and the entire bits of
the uncoded 4QAM-based OFDM-1Q-IM approach.

intentional errors to a subsequence, we select 8 (i.e., 10 %)
bits out of the subsequence, set the posterior probability
of each selected bit to 0.999 if the posterior probability of
that bit is less than 0.5, and set the posterior probability of
each selected bit to 0.001 if the posterior probability of that
bit is greater than 0.5. We compare three cases; in Case 1,
the posterior probabilities of the 8 selected bits of ¢/() are
corrupted with intentional errors, in Case 2, the posterior
probabilities of the 8 selected bits of ¢/® are corrupted with
intentional errors, and in Case 3, the posterior probabilities
of the 8 selected bits of ¢/® are corrupted with intentional
errors. Fig. 5 presents the BER curves of the three cases
when considering the turbo-coded 4QAM-based OFDM-IQ-
IM approach. It can be seen that Case 1 performs worse
than Case 2 and Case 3 in all SNR region. The reason is
that the posterior probabilities of the bits of ¢/ are used
by both decoders in the BCJR algorithm, but the posterior
probabilities of the bits of ¢/® or ¢/® are only used by one
decoder in the BCJR algorithm. That is, the errors in the
posterior probabilities of the bits of ¢/() affect both decoders
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FIGURE 7. The proposed bit mapping scheme when no puncturing is
applied.

of the BCJR algorithm, further degrading the performance of
the turbo decoder. It can also be seen that Case 2 performs
worse than Case 3. Since errors can propagate and expand
through iterative decoding, the first decoding by the first
decoder is more critical than the second decoding by the
second decoder in the BCJR algorithm. In the experimental
simulation, we assume that the first decoder of the BCJR
algorithm takes as input the posterior probabilities of the bits
of ¢® and that the second decoder of the BCJR algorithm
takes as input the posterior probabilities of the bits of ¢/®.
Therefore, errors in the posterior probabilities of the bits of
¢/® degrade the performance of the turbo decoder more than
errors in the posterior probabilities of the bits of ¢/®). These
results suggest that protecting ¢/(I) from error is most critical
to improving the overall performance of the turbo-coded
4QAM-based OFDM-IQ-IM approach and that protecting
¢/® from error is more critical than protecting ¢® from
error.

3) THE ERROR RATE DIFFERENCE BETWEEN THE ISBs AND
SSBs OF OFDM-IQ-IM
For OFDM-IQ-IM, the input bits are split into two sets of
bits; the set of the ISBs and the set of the SSBs. We exam-
ine which set of bits is more robust to errors when con-
sidering an uncoded 4QAM-based OFDM-IQ-IM approach.
Fig. 6 presents the BER curves of the ISBs and the SSBs
when considering an uncoded 4QAM-based OFDM-IQ-IM
approach. For reference, the BER curve from the entire bits
of the uncoded 4QAM-based OFDM-IQ-IM approach is also
included. It can be seen that the ISBs attain better BER
performance than the SSBs at SNRs higher than 4.8dB. This
observation is consistent with the derivation result of the
pairwise error probability for an OFDM-IM system in [4],
which showed that at a high SNR the diversity order of
index bits is greater than the diversity order of symbol
bits.

Combining these experimental results with the experimen-
tal results given in the previous subsection, we can con-
clude that to improve the performance of the turbo-coded
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4QAM-based OFDM-IQ-IM approach in the high SNR
region, it is necessary to use as many bits of ¢ and ¢/®
as possible for ISB purposes.

4) THE PROPOSED BIT MAPPING SCHEME

Based on the results found in the previous subsections,
we propose a new bit mapping scheme for a turbo-coded
4QAM-based OFDM-IQ-IM approach without the punctur-
ing. Fig. 7 shows the bit mapping scheme we propose for
the case where no puncturing is used. The turbo-coded bit
sequence ¢ is divided into three subsequences, ¢/, ¢/®,
and ¢®, as in (17). ¢® is divided into odd-indexed and
even-indexed subsequences, c;(dzl and cé(vzgn, each of which
is of length 40. To use as many bits of ¢ and ¢/® as
possible for ISB purposes, the bits of ¢/’ and c;(jc)l are
used as the ISBs and the bits of ¢/® and cé(vzgn are used as
the SSBs. Specifically, the sequence of the ISBs is formed
by merging ¢/ and cﬁ()i according to random interleav-
ing and the sequence of the SSBs is formed by merging
¢® and cg(fgn according to random interleaving. Finally, ¢
is formed by merging the ISB and SSB sequences accord-
ing to (3) and (5). Note that the proposed bit mapping
scheme is for implementing the inner interleaver block as
shown in Fig. 2. Since the proposed bit mapping scheme
can be implemented without changing the internal structures
of the turbo encoder and decoder, it can be realized at low
cost.

B. FOR THE CASE WHERE THE PUNCTURING IS USED
Next, we consider the case where a rate 1/3 turbo-code is
punctured to generate a rate 1/2 turbo-code. The procedure
for designing high-rate turbo-codes via puncturing was pre-
sented in the literature such as [30] and [31]. We assume
that the length of the message m is Ny = 120, the length
of the rate 1/3 turbo-code ¢’ is Nc = 360, and the length
of the rate 1/2 turbo-code ¢ obtained after puncturing ¢’
is 240. Note that puncturing is performed such that the
bit of ¢’ at the position of 0 in the puncturing pattern is
omitted.
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i
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FIGURE 9. The second conventional interleaving scheme for the case
where the puncturing is applied only to the parity check bits.

1) THE FIRST RANDOM BIT MAPPING SCHEME FOR THE
CASE WHERE THE PUNCTURING IS EVENLY APPLIED TO ALL
TURBO-CODED BITS

We consider a random bit mapping scheme as shown in Fig. 8.
Note that this scheme is to implement the inner interleaver
block for the case where the puncturing is evenly applied
to all turbo-coded bits. The turbo-coded bit sequence ¢’ is
divided into three subsequences, ¢, ¢/®, and ¢'®, each
of which is of length 120. ¢V, ¢/®, and ¢/® are punctured
with puncturln% patterns [011],[101],and[110]to
yield c/(ugc, Cpunc, and cpunc, respectively. Then, cgugc, c{,(f,)lc,
and cp(ugc are merged into a sequence according to random
interleaving. The ISBs and SSBs are taken alternatively in
order from the merged sequence and finally, ¢ is formed
according to (3) and (5). When the receiver is done estimating
the posterior probabilities of the bits of ¢, it finds the pos-
terior probabilities of the bits of c;(&,)lc, c;f&,)m, and cgfn),c by
performing the opposite operations of the inner interleaver
on the posterior probabilities of the bits of ¢. Then, it inserts
0.5 at every punctured positions of cp(dl)m, cp(gﬁc, and cp(SBm to
retrieve the posterior probabilities of the bits of ¢’.

2) THE SECOND RANDOM BIT MAPPING SCHEME FOR THE
CASE WHERE THE PUNCTURING IS APPLIED ONLY TO THE
PARITY CHECK BITS
For punctured turbo code design, it is often used to apply
predetermined puncturing to the parity check bits of a good
turbo code [30]. Therefore, we consider another random bit
mapping scheme as shown in Fig. 9. Note that this scheme
is to implement the inner interleaver block for the case
where the puncturing is applied only to the parity check
bits. The turbo-coded bit sequence ¢’ is divided into three
subsequences, ¢V, ¢/, and ¢/®, each of which is of length
120. ¢® and '@ are punctured with puncturing patterns,
[10]and [0 1], to yield cpunc and cﬁﬁ&c, respectively. Then,
¢ cp%)lc, and cp(m)1C are merged into a sequence according
to random interleaving. The ISBs and SSBs are taken alter-
natively in order from the merged sequence and finally, ¢ is
formed according to (3) and (5). When the receiver is done
estimating the posterior probabilities of the bits of ¢, it finds
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FIGURE 10. The proposed bit mapping scheme for the case where the
puncturing is used.

the posterior probabilities of the bits of ¢’ M, c;%)lc, and c;‘S,lc

by performing the opposite operations of the inner interleaver
on the posterior probabilities of the b1ts of c. Then it inserts
0.5 at every punctured positions of cpunc and cpunc to retrieve
the posterior probabilities of the bits of ¢’.

3) THE ERROR RATE DIFFERENCE BETWEEN THE
SYSTEMATIC BITS AND PARITY CHECK BITS OF PUNCTURED
CODES

The error rate difference between the systematic bits and
parity check bits of punctured codes can be investigated in
the same way as in III-A2. Since the result is very similar
to that presented in Fig. 5, it is omitted here. The same
conclusion can be reached through this experimental simula-
tion. To improve the performance of the turbo-coded 4QAM-
based OFDM-IQ-IM approach in the high SNR region, it is
necessary to use as many bits of ¢/ M and ¢/@ as possible for
ISB purposes.

4) THE PROPOSED BIT MAPPING SCHEME

Fig. 10 shows the bit mapping scheme we propose for the case
where the puncturing is used. The turbo-coded bit sequence
¢ is divided into three subsequences, ¢V, ¢, and ¢/,
each of which is of length 120. Then, ¢V, ¢/®, and ¢/® are
punctured with puncturmg patterns, [0 1 1], [1 0 1], and
[110] to yield cpunc, c;,%)w, and cp(zr)lc, respectively. c;ffr)m
is divided into odd-indexed and even-indexed subsequences,

p(i)w odq and cgfgc _even» €ach of which is of length 40. The
/(2)

sequence of the ISBs is formed by merging cplmc and Cpunc-odd
according to random 1nter1eav1ng and the sequence of the
SSBs is formed by merging cpurlc and c;,(fr)lc,even according to
random interleaving. Finally, ¢ is formed by merging the ISB
and SSB sequences according to (3) and (5).

IV. DISCUSSION
In this section, we will compare the difference in
turbo-decoding complexity between the turbo-coded
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-+-¥+ Uncoded 4QAM-based OFDM

Q-+ Uncoded 4QAM-based OFDM-IQ-IM

—k— Turbo-coded 4QAM-based OFDM
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—H— Turbo-coded 4QAM-based OFDM-IQ-IM with random bit mapping

FIGURE 11. BER comparison of the proposed bit mapping and other
schemes when considering the turbo-coded 4QAM-based OFDM-1Q-IM
approach without puncturing.

4QAM-based OFDM-IQ-IM approach and the turbo-coded
4QAM-based OFDM. The difference in turbo-decoding com-
plexity comes mostly from computing the posterior probabil-
ities of turbo-coded bits. Therefore, as a figure of merit for
comparing turbo-decoding complexity, we consider the num-
bers of real multiplications (RMs) and real additions (RAs)
required to compute the posterior probabilities of turbo-coded
bits transmitted on n subcarriers. In computing the numbers of
RMs and RAs, we use the following rules introduced in [22]:
one complex multiplication converts to 4 RMs and 2 RAs,
one complex addition converts to 2 RAs, and one operation
of | -|? converts to 2 RMs and 1 RA. The turbo-coded M -ary-
QAM-based OFDM-I1Q-IM approach requires 2”1 x 9n(p; +
2 p2) RMs and 2P x 4n(p142 po H2(2n—1)(p1+p2) RAs, where
p1 = |logy(»Ck)] and p2 = k|log,(M)/2]. The turbo-coded
M -ary-QAM-based OFDM approach requires 6nM xlog, (M)
RMs and 2n(3M —1) xlog,(M) RAs. In the case of M = 4,
n = 2, and k = 1, the former approach requires 108 RMs
and 60 RAs, whereas the latter approach requires 96 RMs
and 88 RAs. Therefore, it can be said that the turbo-decoding
complexity of the turbo-coded 4QAM-based OFDM-IQ-IM
approach with n = 2 and k = 1 is similar to that of the
turbo-coded 4QAM-based OFDM approach.

V. SIMULATION RESULTS

In Fig. 11, the proposed bit mapping scheme described
in III-A4 is compared to the random bit mapping scheme
described in I1I-A1 when considering a turbo-coded 4QAM-
based OFDM-IQ-IM approach withn = 2,k = 1, N = 120,
and N; = 80. For reference, the BER curve of a turbo-coded
4QAM-based OFDM approach, that of an uncoded 4QAM-
based OFDM approach, and that of an uncoded 4QAM-based
OFDM-IQ-IM approach are also included in the figure. It is
seen that the uncoded 4QAM-based OFDM-1Q-IM approach
outperforms the uncoded 4QAM-based OFDM approach at
SNRs higher than 4dB. The gain of the uncoded 4QAM-
based OFDM-IQ-IM approach over uncoded 4QAM-based
OFDM approach is 3dB at BER 1072, It is also seen that the
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FIGURE 12. BER comparison of the proposed bit mapping and other
schemes when considering the turbo-coded 4QAM-based OFDM-1Q-IM
approach with puncturing.

turbo-coded 4QAM-based OFDM-1Q-IM approach applying
the proposed bit mapping scheme outperforms the turbo-
coded 4QAM-based OFDM approach at SNRs higher than
8dB. The gain of the turbo-coded 4QAM-based OFDM-1Q-
IM approach applying the proposed bit mapping scheme over
the turbo-coded 4QAM-based OFDM approach is 2.2dB at
BER 1078, Since both approaches transmit the same num-
ber of message bits in the OFDM block, it is concluded
that the turbo-coded 4QAM-based OFDM-IQ-IM approach
is superior to the turbo-coded 4QAM-based OFDM approach
in the high SNR region. The reason why the turbo-coded
4QAM-based OFDM-IQ-IM scheme is inferior to the turbo-
coded 4QAM-based OFDM scheme in the low SNR region
can be explained as follows. At a low SNR, OFDM-IQ-IM
receivers make more errors in detecting active subcarrier pat-
terns because the noise power on inactive subcarriers is high
while the power of symbols transmitted on active subcarriers
is low. As a result, ISBs generate more detection errors, and
subsequently SSBs also generate more errors. For this rea-
son, the turbo-coded 4QAM-based OFDM-IQ-IM approach
performs worse than the turbo-coded 4QAM-based OFDM
approach in the low SNR region. Finally, it is seen that the
proposed bit mapping scheme improves the performance of
the turbo-coded 4QAM-based OFDM-IQ-IM approach more
than the random bit mapping scheme for all SNR region.
The SNR gain of the proposed bit mapping scheme over the
random bit mapping scheme is 0.5dB at BER 10~°. This gain
proves the effectiveness of the proposed bit mapping scheme.
This performance improvement can be obtained by designing
only the inner interleaver block without changing the internal
structures of the turbo encoder and decoder.

In Fig. 12, the proposed bit mapping scheme described in
III-B4 is compared to the two random bit mapping schemes
described in III-B1 and of III-B2 when considering a punc-
tured 4QAM-based OFDM-IQ-IM approach with n = 2,
k = 1, N = 120, and N; = 120. For reference, the
BER curve of a punctured 4QAM-based OFDM approach
is also included in the figure. It is seen that the punctured
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4QAM-based OFDM-IQ-IM approach applying the proposed
bit mapping scheme outperforms the punctured 4QAM-based
OFDM approach at SNRs higher than 4.75dB. The gain of the
punctured 4QAM-based OFDM-IQ-IM approach applying
the proposed bit mapping scheme over the punctured 4QAM-
based OFDM approach is 2.3dB at BER 107. It is also seen
that the punctured 4QAM-based OFDM-IQ-IM approach
applying the proposed bit mapping scheme outperforms the
punctured 4QAM-based OFDM-IQ-IM approach applying
one of the two random bit mapping schemes for all SNR
region. The SNR gain of the proposed bit mapping scheme
over the first random bit mapping scheme is 1dB at BER
3 x 1077 and the SNR gain of the proposed bit mapping
scheme over the second random bit mapping scheme is
1.75dB at BER 10~*. These gains prove the efficiency of
the proposed bit mapping scheme when the turbo code rate
is increased by puncturing.

VI. CONCLUSION

We presented a decoupled design of an OFDM-IQ-IM
demodulator and a turbo decoder to apply turbo coding to
OFDM-IQ-IM. We proposed a bit mapping scheme that can
efficiently split turbo-coded bits into the ISBs and SSBs of
OFDM-IQ-IM. The proposed bit mapping scheme improved
the performance of the turbo-coded 4QAM-based OFDM-
IQ-IM approach compared to random bit mapping schemes
in all SNR region. In addition, the turbo-coded 4QAM-based
OFDM-IQ-IM approach applying the proposed bit mapping
scheme outperformed the turbo-coded 4QAM-based OFDM
approach in the high SNR region. Since the proposed bit
mapping scheme can be implemented without changing the
internal structures of the turbo encoder and decoder, it has
the advantage that it can be realized at low cost.

APPENDIX A
The formulas to calculate the LLRs of the ISBs and SSBs
of OFDM-IQ-IM can be similarly derived as in [23], which
derived formulas for OFDM-IM. We focus on the §-th sub-
block. In (5), b; and by denote the ISBs. The LLR of b, is
given by

B)

real (m’ 5)

Al = min Zmi‘gcb

a,eAp, —o s
K = meN,

-
a,€Ap =
A meN,

min O[1(m.5).  (18)
s

where Ap, =, for x € {0, 1} denotes the set of the SAP
sequences satisfying the condition of b; = x and

o®

real

2 ’ 2
m,s) = [HP |- Ry P /HP Y5 - aym | /No.
(19)
The LLR of b; is also given by (18) if A1 is replaced with A7,
b1 is replaced with by, and P (m, s) is replaced with

real

2 |~ 2
of) m.s) = [HP - |S@PHP =5 - agm |/ No.
(20)
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In (5), di and d> denote the SSBs. The LLR of d; is given by

real

L= min @D 50+ 3
! me./\f,,,m;él(”)

real
: B) 7m)
a Elﬁ{q)real(lreal’ Sl) + Z
! me/\f,,,m;él(”)

real

min &%) (m, s)}
seS

real

min @ (m, s)} ,
seS

21

where A denotes the set of all the 27! SAP sequences. The
LLR of d; is also given by (21) if A1 is replaced with X,, dj is
replaced with d, Ir(er’a)1 is replaced with Ii(r?lzlg’ and @ﬁfgl(-) is
replaced with %) (). Provided with A, for v = 1,2, the

posterior probability of b, can be computed by

plby = 11YP) = (22)

e v+ 1

and
p(by = 01YP)) =1 — p(b, = 11YP). (23)

Provided with X, the posterior probabilities of d,, can also be
coml_)uted by (22) and (23) if b, and A, are replaced with d,
and A,, respectively.
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