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Two-Layer Coding with Flexible Layer-Partitioning for
Dual-Mode OFDM-IM

Seung-gi Choi’, Kezhong Jin", Hosung Park’
ABSTRACT

Dual mode orthogonal frequency division multiplexing with index modulation (DM-OFDM-IM) employs two
distinguishable constellations across all subcarriers to address the low spectral efficiency of OFDM-IM. Recent
studies on OFDM-IM-based systems have focused on constellation design, index pattern selection, and channel
coding. A two-layer coding (TLC) scheme with successive cancellation decoding (SCD) has been proposed to
improve the bit error rate (BER) of conventional OFDM-IM. However, it has not been applied to
DM-OFDM-IM, and its frame error rate (FER) performance has not yet been evaluated. In this paper, we
propose a method that applies TLC combined with SCD to DM-OFDM-IM. This approach addresses the
challenge of DM-OFDM-IM, which faces greater difficulty in distinguishing index patterns compared to
conventional OFDM-IM. We analyze the capacity of DM-OFDM-IM with TLC and demonstrate its advantage
over conventional DM-OFDM-IM in terms of achievable rate. Furthermore, we propose a flexible
layer-partitioning (FLP) scheme between two codewords, enabling a more flexible range of code rate variations.
In addition, when decoding the second layer with SCD, only the estimated index pattern needs to be
considered instead of all possible index patterns. It is shown via simulations that the proposed DM-OFDM-IM

achieves a lower FER than conventional DM-OFDM-IM under various modulation parameters.

Key Words : orthogonal frequency division multiplexing (OFDM), index modulation (IM), dual mode OFDM-IM
(DM-OFDM-IM), channel coding, two-layer coding (TLC), flexible layer-partitioning (FLP)

I. Introduction groups the subcarriers of an OFDM block into sub-

blocks, where additional information is conveyed

Index modulation (IM) is a transmission scheme through the activation pattern of the subcarriers™.
that conveys additional information by modulating the OFDM-IM enhances energy efficiency by activating
activation pattern of communication resources, and it only a subset of subcarriers, reducing transmit power
has been the focus of extensive research in recent without sacrificing data rate. In addition, by convey-
years!"?), Orthogonal frequency division multiplexing ing information through subcarrier indices, it achieves
with index modulation (OFDM-IM) is a technique that better error performance than conventional OFDM
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due to higher diversity orders™. Although OFDM-IM
offers performance advantages over conventional
OFDM, its spectral efficiency is inherently reduced
because it utilizes only a subset of subcarriers. To ad-
dress this shortcoming, dual-mode OFDM-IM
(DM-OFDM-IM) was proposed, in which two dis-
tinguishable constellations are employed to modulate
all subcarriers®. Since all subcarriers are utilized
without any inactive subcarriers, the transmission rate
can be significantly increased compared to
OFDM-IM. Prior research in IM-related systems has
focused on enhancing performance from the per-
spectives of constellation design, index pattern design,
and channel coding. For instance, in [6] a dual-square
shaped constellation was introduced, wherein symbols
sharing the same mapping are positioned adjacently
to facilitate dual-mode operation. An index mapping
algorithm was proposed in [7] to minimize errors by
ensuring that the Hamming distance between adjacent
index patterns remains fixed at 2. Moreover, [8] pre-
sented a DM-OFDM-IM scheme based on a Reed—
Muller codebook, which maximizes the minimum
Hamming distance between index patterns.

A significant challenge in OFDM-IM systems is
channel decoding, as the computation of log-like-
lihood ratios (LLRs) becomes computationally
intensive. To mitigate this issue, a low-complexity
LLR calculation method for low density parity check
(LDPC) decoding was introduced®. Furthermore, the
LLR computation for symbol bits—requiring the in-
corporation of probabilities for all index patterns—
substantially increases the computational burden. To
alleviate this, a successive cancellation soft demap-
ping approach was proposed that leverages the LLRs
of the index bits during the symbol bit calculation”.
However, the use of unreliable initial LLR estimates
can adversely affect LDPC decoding, leading to deg-
radation in frame error rate (FER). To improve reli-
ability, subsequent studies have incorporated the con-
cept of multi-level coding (MLC), wherein separate
index and symbol codewords are generated and as-
signed appropriate code rates, demonstrating im-
proved robustness against jamming attacks'''.
However, since channel coding typically achieves

lower error rates with longer code lengths, the finite

code lengths in practical systems limit achievable
performance. To address this issue, successive can-
cellation decoding (SCD), which utilizes the output
of index codeword decoding to aid symbol codeword
decoding, was proposed along with a new radio ex-
trinsic information transfer (NR-EXIT) algorithm™.
However, that method is limited to OFDM-IM sys-
tems, allows for only limited code-rate variations, and
does not provide FER performance results.

In this paper, we propose a two-layer coding (TLC)
structure for DM-OFDM-IM systems, called
TLC-DM-OFDM-IM. In addition to overcoming code
length limitations via SCD, the proposed scheme re-
duces the computational complexity of symbol bit
LLR calculation. Unlike conventional DM-OFDM-IM
systems that employ only bit-interleaved coded modu-
lation (BICM), our approach incorporates the favor-
able properties of MLC/multi stage decoding (MSD),
enabling the application of tailored code rates to each
codeword and yielding significantly improved FER
compared to one-layer coding (OLC) schemes. We
demonstrated the theoretical advantage of TLC
through capacity analysis. Nevertheless, this method
is limited by inflexible code rate allocation between
the two codewords, and the first layer remains rela-
tively short. To overcome these limitations, we pro-
pose a flexible layer-partitioning (FLP) technique, in
which the first layer covers the whole index bits and
some of the symbol bits and the second layer covers
the other part of symbol bits. This FLP technique al-
lows for a more optimal code rate assignment within
a TLC framework, as evidenced by simulation results
that demonstrate superior FER performance relative
to fixed code length TLC schemes.

II. Conventional DM-OFDM-IM

DM-OFDM-IM divides an OFDM block into n
subblocks and transmits additional bits based on the
constellation pattern of each subblock. The transmitter
of the DM-OFDM-IM system is illustrated in Fig. 1.
First, B the information bits are divided into G
subblocks.

The g-th subblock contains p bit vector b8 =
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Fig. 1. A block diagram of the DM-OFDM-IM
transmitter.

[b‘lq bé’], which are partitioned into index bits bf and

symbol bits by with lengths P1 = [log2(})] and
p2 = nlog, M, respectively.

by = [b9(1) b9 (py)]. )
by = [b9(p1 + 1) - b9(py + p2)]. )

Each subblock contains n subcarriers, of which &
are modulated using Constellation A M} and the re-
maining -k are modulated using Constellation B Mp.
The constellation mode of the subcarriers is de-
termined by the index bits and the index table, such
as Table 1, and the symbol bits determine the OFDM
subblock X8& through index pattern and the con-
stellation pair, as illustrated in Fig. 3. The con-
catenated G subblocks are processed via an A-point
IFFT.

At the receiver, the DM-OFDM-IM system obtains
symbols for all G subblocks. The received g-th sub-

block can be expressed as follows:
Y9 = X9HI + WY, A3)

where HY = diag([H9(1), -+, HI(M)]) is an nx n
matrix whose diagonal elements represent the channel
coefficients and we assume HI(a)~CN(0,1)
(@=1,-,n). WI=[WI(), -, WI(n)] is the
additive white Gaussian noise (AWGN) vector and
we assume WI(a)~CN(O,Np) (@ =1,-+, n) In
scenarios without channel coding, the receiver esti-
mates the g-th subblock using an LLR detector”.
Since all G subblocks are estimated in the same man-
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ner, the superscript g is omitted. First, the LLR of

the q-th (@ =1,--, n) subcarrier is calculated as
shown in
. 2
i Ssere exp( L@@t
Ma) =1In (—) £ . @
n—k/y .\ exp<_IY(a)—H(a)SI>
B No

The estimated index pattern
& 1ep(i
B = argmax Yo, (-1 PPA(a) 5

is then obtained by considering all possible index
patterns. Finally, the n symbols of the subblock are

estimated using B.
. Proposed TLC-DM-OFDM-IM

3.1 Descriptions

In index modulation techniques, index bits de-
termine the constellation by which the symbol bits are
modulated, while the symbol bits are directly mapped
onto signal points within the selected constellation. As
a result, index bits and symbol bits follow different
probability distributions and exhibit different error
rate. Consequently, different code rates are applied to
the index bits and symbol bits via TLC. Fig. 2 illus-
trates the block diagram of the transmitter and receiver
for TLC-DM-OFDM-IM. The B message bits are div-
ided into a first layer message bit sequence of length
B and a second layer message bit sequence of length
B. Each bit sequence is encoded with code rates
Ry and R, respectively, yielding a first layer codeword
of length E=Gp, and a second layer codeword of
length E;=Gp,. The first layer consists solely of index
code bits, while the second layer consists solely of
symbol code bits. The signal is then transmitted in
the same manner as in DM-OFDM-IM. At the re-
ceiver, decoding begins with the first layer, and the
resulting output is used to decode the second layer.
For first layer decoding, the LLR value for an index
bit is calculated from the Y9. For simplicity in the
following equations, the superscript g is omitted. The
LLR value of the /th index bit is denoted by
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Fig. 2. A block diagram of the TLC-(FLP-)DM-OFDM-IM transmitter and receiver.

POO=0D) (;
Dby (D=1 IY)

)\I(l) =In 11 ’ pl) (6)

p(bi(i) = x |Y) where the ith index bit is x can be
arranged based on Bayes’ rule, as shown in

j=1P(Y(DIB)
@)

. 1
p(by(D) = x [V)=55 =55 Lees,,

When the jth subcarrier is modulated by

Constellation A My, p(Y())IB) is equal to

IY(J')—H(J')SIZ)
No

P (DIB) = 1 Ssere, oy exp(=
®)

As in conventional DM-OFDM-IM, the LLR value
of the symbol bits is calculated by considering all pos-

sible patterns, as shown in

}\S(l) — p(bz(l) 0 1Y) (l

D@, =1 1Y) L, p2) )

p(b,(i) = x|Y) where the £th symbol bit is x can be
arranged based on Bayes’ rule, as shown in

p(b2 (i) = x |Y)
Z%esun =10(Y(DIB, b(0) =x).
(10)

21’1*113(‘0

p(Y(DIB, by(i) =x) is given by

p(Y(DIB, by(i) =x)

IY()—H(j)s? an
= oew; o EXP(— )
where
= Pl 11T =10+ logy b1 log, M)
WX T\ if Jj# 1@ +1log, M —1/log, M)|
(12)

M is the set of constellation points corresponding
to the ith index bit when it is x And when the jth
subcarrier is modulated with Constellation A,
M = M,, and when it is
Constellation B, M = M.
However, in TLC-DM-OFDM-IM, since SCD is
performed, the LLR of the symbol bits is calculated

modulated with

by considering only €;. If the index pattern is de-
termined to be B through first layer decoding, then
p(b, (i) =x lY) in (9) is given as follows:

p(b (D) = x |Y)
7= P(Y(DIB1, bo(D) = ).

1
2”1+1p(Y)

13)

In (10), the LLR for the symbol bits is calculated
by considering all index patterns; however, in the
TLC-DM-OFDM-IM system, only the pattern esti-
mated from the first layer is considered. The second
layer is decoded using the LLR values of the symbol
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bits to obtain €.

When comparing the symbol bit LLR calculation
complexity of conventional DM-OFDM-IM and
TLC-DM-OFDM-IM, the conventional scheme re-
quires probability computations over all possible in-
dex patterns, resulting in a complexity of O(pnM).
In contrast, TLC-DM-OFDM-IM adopts a successive
cancellation decoding method that considers only the
index pattern determined in the first codeword decod-
ing, leading to a reduced complexity of O(nM), which
remains constant even as the number of patterns
increases.

The proposed two-layer coding scheme requires
two sets of encoders and decoders instead of one,
which doubles the required hardware space for encod-
ing and decoding. Additionally, since the output of
the first decoder must be passed to the second de-
coder, a slight processing delay may occur. However,
this impact is negligible, and the benefits of reduced
complexity and improved performance obtained
through the application of two-layer coding outweigh
these drawbacks.

3.2 Capacity Analysis

To demonstrate the
TLC-DM-OFDM-IM, we compare the BICM capacity
of TLC-DM-OFDM-IM Ciic and conventional
DM-OFDM-IM Gy These BICM capacities are

effectiveness of

Cric = % P Ib(@); Y| € B), (14)

Ceonv = %{2521 I(b(@); Y|I € B)

. 15)
+30 1 1@ Y|D)}

where I is the index pattern determined by the index
bits. The BICM capacity of TLC-DM-OFDM-IM
should always be greater than that of DM-OFDM-IM,

as given in

XL 1@ YITEB) < {5 1(b(D; YL € B)
+37 1 1(b@; YD)}

bep, 41 10(D; YILEB) <XP_ , 1(b(D); Y[T).
(16)
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Let us consider the case n=4, k=2 in Table 1
and M= 4 using constellation pair in Fig. 3. Also, we
consider the capacity of the first bit on the first sub-
carrier, assuming I =8B1. According to the considered
case and using average entropy, the left-hand side of
(16) can yield

I(b,(D); Y|1 € B)
= H(Y(1)|I € B) — H(Y(1)|b,(1),1 € B)
= H(Y(D|T € B) — %{H(Y(l)lbz(l),l =B,)
+H(Y(1)|b(1),1 = B,) + HY(1D)|b(1),1 = B3)

+HY (Db, (1), 1= B4)}.
an

Since we are considering the first subcarrier, I =
B1 can be replaced with I(1) =1, and (17) can be

arranged as denoted by

1
HY(DIT € B) — 7 (HYD)Ib(1),1() = 1)
+HY(1)[b,(1),1(1) = 0) + H(Y(1)|b,(1),I(1) = 1)
+HY(D)[b,(1),1(1) = 0)}

=H(Y(D)[I e B) - %{H(Y(l)lbz(l),l(l) =1
+HY(1)[b,(1),1(1) = 0)}

= %{H(Y(l)ll(l) =1+ H(Y(DI(1) = 0)}
—%{H(Y(l)lbz(l).l(l) = 1) + H(Y(D)b,(1),1(1) = 0)}.
18)

The right-hand side of (16) can also be modified
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Fig. 3. Dual square QAM based constellation pair Ma
and Mg for M=4
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Table 1. The index table for 7=4 and A=2.

B Index bits Index pattern
B, 00 1100
B, 01 0110
B3 10 0011
B, 11 1001

to fit the considered case, in a manner similar to (18),

as follows:

1(b,(1); YT = 8B,)
= H(Y(DII(1) = 1) — H(Y(1)|b,(1),1(1) = 1).
(19)

(16) can be expressed as (18) < (19) and rearranged
as
H(Y(DII(D) = 0) — H(Y(D)Ib,(1),I(1) = 0)
<H(Y(MII(1) = 1) — H(Y(D)|b,(1),1(1) = D).
(20)

H(Y(1)|b,(1),1(1) = 1) can be simplified as the
average entropy calculation over first symbol bit b(1)
and first symbol of subblock X(1) and expressed as

H(Y(D1b,(1),1(1) = 1)
1
=5 HY@Ib,(1) = 0,1(1) = 1)
FZHODIb, (D) = 111 = 1)
1(1
= SO = 0.x(D) = 58)
1 A
+ ZH(Y(1)|bz(1) =0,X(1) =s)
1
+ZH(Y(1)|b2(1) =0,X(1) =sf)
+ %H(Y(1)|b2(1) =0,X(1) = s‘fl)}
1(1
+E{ZH(Y(1)|b2(1) =1,X(1) = sby)
1
+ Z}1(\{(1)|bz(1) =1,X(1) =s)
1
+ZH(Y(1)|b2(1) =1,X(1) =sfy) +
SH(Y(D)]b,(1) = 1L,X(1) = sf)}.

@n

For example, since P((b,(1)=0)N (X(1)=s1,))=0,

any expression containing these terms can be

eliminated. Furthermore, with the condition on I(1)=1
only, (21) can be simplified to

1
=%&HW“N“D=S&)+yﬂWDMG)=$Q
1
+7HYD[X() = sfy)

1
+ ZH(Y(l)lx(l) = 5?1)}
= %H(Y(l)”(l) =1.
(22)

H(Y(1)|b,(1),1(1) = 0) in (20) is also simplified in
the same manner as in (21) and (22) and substituted
into (20). Consequently, (20) is as follows:

HYMIID) = 0) <HYDIID) =1). 23

Since Y(1) is modulated by My, the entropy of
Y(1) is greater under I(1) =1 than under I(1)=0.
Consequently, (16) holds. Similarly, the same results
can be obtained for other index patterns and sub-

carriers through this process.

3.3 TLC-DM-OFDM-IM with FLP

In TLC-DM-OFDM-IMV, the lengths of the first and
second layer codewords are fixed, which limits the
possible combinations of code rates. Therefore, we
propose a FLP technique, called
TLC-FLP-DM-OFDM-IM, which enables the adjust-
ment of codeword lengths. Since the first layer code-
word has a shorter length than the second layer code-
word, the first layer covers not only the index bits
but also some of the symbol bits. The message bits
are divided into B and B. For flexible layer con-
struction, the first layer additionally covers o symbol
bits. Then, the code rates for each codeword are
determined. As a result, codewords of lengths Gp/+a
and Gpro are generated through each channel
encoder. Thus, by adjusting B and ¢, the diversity
of code rates is increased. The receiver estimates c;
and ¢, wusing the same method as in
TLC-DM-OFDM-IM. However, for the reallocated
bits, the LLR values follow equation (9).
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IV. Simulation Results

To evaluate the performance of TLC with/without
FLP for DM-OFDM-IM system, we compare the FER
of conventional DM-OFDM-IM™), and the proposed
TLC-(FLP-)DM-OFDM-IM system. In
DM-OFDM-IM, dual square QAM (DSQAM) based
constellation pair was used. We consider the
Rayleigh fading channel and the channel coefficients
are assumed perfectly known at the receiver. We use
LDPC codes for encoding, employing the low-com-
plexity decoding method described in [9]. R and R
were determined through exhaustive search on a 2-bit
basis. Henceforth, conventional DM-OFDM-IM is re-
ferred to as OLC-DM, TLC-DM-OFDM-IM is re-
ferred to as TLC-DM, and TLC-FLP-DM-OFDM-IM
is referred to as TLC-FLP-DM.

Fig. 4 shows the overall FER performance for N
=1024, n=4, k=2, M=16 and R=0.6. OLC-DM
uses (4608, 2765) LDPC codes and TLC-DM uses
(512, 70) and (4096, 2695) LDPC codes. TLC-DM
uses separate codewords, resulting in a shorter code
length than OLC-DM. However, due to SCD, the sec-
ond layer codeword is decoded based on a more accu-
rate index pattern, leading to improved FER
performance. Furthermore, since it is unnecessary to
consider all patterns when calculating the LLR for the
symbol bits, it exhibits significantly lower complexity
than OLC-DM.

—e— OLC-DM [5] (4608,2765)
—— TLC-DM (512,70) {4096,2695)

1077 f : : T T
6.00 6.25 6.50 675 7.00 7.25 7.50 775 8.00
Eb/ND[dR]

Fig. 4. Overall FER comparison of TLC-DM-OFDM-IM
and OLC-DM-OFDM-IM for N =1024, n=4, k=2, M= 16
and R=0.6.
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Table 2. Simulation time for symbol bit LLR calculation
of TLC-DM-OFDM-IM and OLC-DM-OFDM-IM for p, =
2, 4, and 6.

OLC-DM-OFDM-IM| TLC-DM-OFDM-IM
n=4, pp=2 5.27s 1.40s
n=8, pp=4 75.38s 4.84s
n=8, p=6 297.34s 4.83s

To demonstrate the low-complexity decoding of
TLC-DM-OFDM-IM, the simulation time required for
symbol bit LLR calculation was measured, as pre-
sented in Table 2. The simulation was performed on
a system with an Intel Core i7 processor at 2.9GHz
and 64GB RAM. OLC-DM-OFDM-IM requires com-
puting the probabilities of 2P1 index patterns to calcu-
late the LLR of symbol bits. In contrast,
TLC-DM-OFDM-IM leverages the decoding result of
the first layer, allowing it to consider only a single
pattern when calculating the symbol bit LLR. While
the simulation time of OLC-DM-OFDM-IM increases
exponentially with p;, TLC-DM-OFDM-IM exhibits
a linear increase with n This demonstrates the re-
markable computational efficiency of
TLC-DM-OFDM-IM for larger p.

Fig. 5 shows the overall FER performance for N
= 1024, n=8, k=2, M=16 and R=0.6. OLC-DM
uses (4608, 2765) LDPC codes, TLC-DM uses (512,
4) and (4096, 2761) LDPC codes and TLC-FLP-DM
uses (528, 26) and (4080, 2739) LDPC codes.
Although the R, in TLC-DM is approximately 0.07

FER

—s— OLC-DM [5] (4608,2765)
—— TLC-DM (512.4) (4096,2761)
-+ TLC-FLP-DM (528,26) (4080,2739)

107
7.0 7.2 7.4 78 78 8.0 8.2 8.4
Eb/NO[dB]

Fig. 5. Overall FER comparison of TLC-(FLP-)DM-OFDM-
IM and OLC-DM-OFDM-IM for N=1024, n=8, k=2, M.
=16 and R=0.6.
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10°

FER

—— OLC-DM [5] {2816,1408)
—e— TLC-DM (768,32) (2048,1376)
-=-- TLC-FLP-DM (788,50) (2028,1358)

1072 -
4.0 4.5 5.0 5.5 6.0 6.5
Eb/NU[dB]

Fig. 6. Overall FER comparison of TLC-(FLP-)DM-OFDM-
IM and OLC-DM-OFDM-IM for N =1024, n=8, k=4, M
=4 and R=0.5.

higher than the R in OLC-DM, the use of accurately
decoded index bits via SCD results in a lower FER
than that of OLC-DM. Furthermore, by performing
FLP on the second codeword corresponding to the
E; bits, a broader range of code rates can be applied
to the first codeword. Consequently, TLC-FLP-DM
achieves a slight improvement in FER compared to
TLC-DM.

Fig. 6 shows the overall FER performance for N
=1024, n=8, k=4, M=4 and R=0.5. OLC-DM
uses (2816, 1408) LDPC codes, TLC-DM uses (768,
32) and (2048, 1376) LDPC codes and TLC-FLP-DM
uses (788, 50) and (2028, 1358) LDPC codes. In the
case where n=8 and k=4, 64 patterns are employed.
This means that for OLC-DM, the LLR values for
the symbol bits must be calculated by considering all
64 patterns, whereas TLC-DM only needs to consider
the single pattern estimated from the first layer. In
terms of performance, TLC-DM exhibits greater gains
compared to OLC-DM. Furthermore, TLC-FLP-DM
performs a 20-bit transfer from the second codeword,
which enables R to be set more optimally without
significantly altering R Overall, FLP yields a modest

improvement in performance.
V. Conclusion
In this paper, we proposed a TLC-DM-OFDM-IM

scheme in which data for DM-OFDM-IM is separately
encoded into first and second layer codewords, fol-

lowed by SCD at the receiver. The proposed approach
leverages decoded first layer during the second layer
decoding process, providing accurate index bit esti-
mates and significantly reducing frame errors in the
second layer. We also provided a theoretical ex-
planation of the advantage of the TLC scheme in
terms of achievable rate through a capacity analysis
of TLC-DM-OFDM-IM. Furthermore, to expand the
range of feasible code rate configurations, we in-
troduced a FLP scheme, in which the first layer is
composed of the first codeword and a portion of the
second codeword, while the second layer consists of
the remaining part of the second codeword, allowing
more flexible rate assignments for each codeword. In
addition, SCD simplifies symbol bit LLR computa-
tions, substantially reducing decoding complexity.
Simulation results demonstrated that the proposed
TLC-FLP-DM-OFDM-IM achieves lower FER com-
pared to conventional DM-OFDM-IM, clearly illus-
trating the benefits of combining TLC, SCD, and FLP
in DM-OFDM-IM systems.
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