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Abstract. In traditional orthogonal frequency division multiplexing with index
modulation (OFDM-IM), when the subcarrier activation patterns (SAPs) is not a
power of 2, part of SAPs will not be used. This will result in low transmission
efficiency and low bit error rate (BER) performance. We have proposed a new
scheme namely bit-padding dual-mode orthogonal frequency division multi-
plexing (BPDM-OFDM). It exploits all of the possible SAPs to convey data to
obtain a better BER performance. Meanwhile, the BPDM-OFDM uses the dual-
mode orthogonal frequency division multiplexing (DM-OFDM) to improve the
transmission efficiency. In addition, a subcarrier interleaving technique is
adopted to further improve the BER performance and the idea of hard limit
algorithm, which is applied to the log-likelihood ratio detector (LLR-HL) to
reduce the detection complexity. Significant performance improvement of the
proposed scheme, in terms of transmission rate, detection complexity and BER
performance, over the traditional OFDM-IM scheme has been validated through
theoretical analysis and extensive simulations.

Keywords: OFDM-IM � BPDM-OFDM � Transmission efficiency �
Bit-padding � LLR-HL detector

1 Introduction

Index modulation (IM) is one of the promising transmission schemes for next-
generation wireless communication systems due to its advantages [1]. It utilizes the
indices of the building blocks of the corresponding communication systems to convey
additional information bits in contrast to traditional modulation schemes that rely on
the modulation of the amplitude/phase/frequency of a sinusoidal carrier signal for
transmission [2]. In orthogonal frequency division multiplexing with index modulation
(OFDM-IM) system, a subset of subcarriers in an OFDM block is activated to convey
constellation symbols, the indices of the active subcarriers can be used to convey
additional information [3].

In the OFDM-IM system, the active subcarriers are selected by the incoming data
[4]. The correct determination of a subcarrier activation pattern (SAP) is essential for
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the correct detection of the associated information bits. Different mapping and detection
techniques have been proposed, which indicate two major problems.

First of all, the detectors suffer from the possibility of detecting an invalid SAP
since not all of the possible SAPs are used in OFDM-IM. By now, a look-up table
mapping method and a combinatorial mapping method are mainly proposed [5]. But
the two methods share a common disadvantage that they cannot make full use of all
SAPs, unless the number of the SAPs is a power of 2. In this case, a method of using
unequal-length of index bits to exploit all SAPs is proposed [6], but it is difficult for
detection and the BER performance decreases. By changing the number of information
bits corresponding to the traditional amplitude phase modulation, and the information
bits carried by the OFDM block maintain constant, the literature [7] proposed an
equiprobable subcarrier activation method which is easy for detection, whereas the
transmission efficiency is not improved compared with the traditional OFDM-IM
system. In this paper, to achieve a better BER performance and higher transmission
efficiency, we propose a constructed index bits mapping method which use the concept
of bit-padding (BP) [8] to build an equal-length bits transmission scheme for dual-
mode OFDM (BPDM-OFDM).

The second problem is how to reduce the detection complexity while maintaining
high transmission efficiency. In [9], a dual-mode method is proposed to improve
transmission efficiency, but the log-likelihood ratio (LLR) detection algorithm which is
adopted has high complexity, especially under high order modulation [10]. In our
BPDM-OFDM system, a reduced-complexity approximate optimal LLR detector based
on the hard limit algorithm (LLR-HL) is employed, in which the modulation symbol is
detected by directly calculation instead of traversing all constellation points after the
active subcarriers are obtained [11].

It is shown via computer simulation that, under additive white Gaussian noise
(AWGN) channels and frequency-selective Rayleigh fading channels, our proposed
BPDM-OFDM achieves an overall better BER performance. And there is an increase
of 1 bit/s/Hz in transmission efficiency and a much lower detection complexity
achieved compared to the traditional OFDM-IM.

The rest of the paper is summarized as follows. In Section II, the system model of
BPDM-OFDM is presented. In Section III, the constructed index bits mapping method,
which is the main concept of BPDM-OFDM system, are introduced. The performance
of BPDM-OFDM compared with OFDM-IM is analyzed in Section IV. Finally, Sec-
tion V concludes the paper.

2 Methods

The number of subcarriers of OFDM-IM system is set as N, which is equal to the fast
Fourier transform (FFT). A total of m information bits enter the OFDM-IM transmitter
for the transmission of each OFDM block. These m bits are then split into g groups
each containing p bits, i.e., m ¼ pg. Each group of p-bits is mapped to an OFDM
subblock. The number of subcarriers of each subblock is n, where n ¼ N=g. Suppose
that the number of active subcarriers of each group is k, the number of SAPs is given by
the binomial coefficient Cðn; kÞ. The specific SAP of a subblock is determined by
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mapping a p1-bit data code, where p1 ¼ log2 Cðn; kÞb c and �b c is the floor function.
A data segment of p2 ¼ k log2 M bits is used such that k data codes of length log2 M
bits are mapped onto the M-QAM signal constellation to determine the data symbols
that are transmitted over the active subcarriers. Therefore, a total of p bits (p ¼ p1 þ p2)
are mapped to an OFDM subblock of n subcarriers. This traditional OFDM-IM scheme
is shown in Fig. 1.

As the OFDM-IM transmitter in Fig. 1, if the value of Cðn; kÞ is not a power of 2,
there are always some SAPs that cannot be used. For example, for n ¼ 4 and k ¼ 2, the
number of all possible SAPs is 6. Assume p1 ¼ 2 bits, the 2p1 ¼ 4 SAPs are used. That
means there are 2 invalid SAPs. In order to improve the transmission efficiency, we
propose a constructed index bits mapping method to make use of all possible SAPs.
Instead of the Index Selector and Mapper in Fig. 1, the p1 bits will be processed by
Backward Selection or Padding ‘1’ module according to the decimal value of p1 bits.
The detailed process will be discussed in Sect. 3. After the Backward Selection or
Padding ‘1’ module, the constructed index bits are generated. Meanwhile, the p2 bits
are split into two parts and then modulated by the MA and MB order modulator,
respectively. The value ofMA is equal to that of MB, whereas the constellation points of
MA mapper and MB mapper are different in amplitude and phase. This is called dual-
mode index modulation (DM-IM) techniques. The block diagram of the above-
mentioned scheme, which is called BPDM-OFDM transmitter is given in Fig. 2.

The transmitter combines g subblocks to form an OFDM symbol group. The N
symbols are interleaved for the purpose of improving the error performance at low SNR
region [12]. Then IFFT operation of point N is carried out to obtain the time domain
transmitted signal x ¼ ½x1; x2; . . .; xN �T , where ð�ÞT represents transpose operation. At
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Fig. 1. The block diagram of the traditional OFDM-IM transmitter
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the output of IFFT, a cyclic prefix (CP) of length L samples x ¼
½xN�Lþ 1; . . .; xN�1; xN �T is appended to the beginning of the OFDM block. After par-
allel to serial (P/S) and digital-to-analog conversion, the signal is sent through a
frequency-selective Rayleigh fading channel which can be represented by the channel
impulse response (CIR) coefficients hT ¼ ½hTð1Þ. . .hTðvÞ�T , in which hTðrÞ; r ¼
1; . . .; v are the cyclic symmetric complex Gauss random variable with CNð0; 1vÞ dis-
tribution, v represents the length of CIR. Supposing that the channel remains constant
during the transmission of an OFDM block and the CP length L is larger than v, the
coefficient of transfer function of frequency domain channel is the N-point FFT
transform of hT , which is represented as

H ¼ ½H1;H2; . . .;HN �T ¼ 1
ffiffiffiffi
N

p FFTð�hTÞ ð1Þ

where �hT ¼ ½hTð1Þ; . . .; hTðvÞ; 0; . . .; 0�T , 1ffiffiffi
N

p FFTð�Þ represents FFT operation of pointN.

At the receiver, after the CP removal operation and serial-to-parallel conversion, the
FFT operation of point N and de-interleaving are performed to obtain the received
signal Y ¼ ½Y1; Y2; . . .; YN �T , where

Yn ¼ HnXn þWn; 1� n�N ð2Þ

In which Wn is the white Gaussian noise follows CNð0;N0Þ distribution.

Fig. 2. The block diagram of the BPDM-OFDM transmitter
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In order to reduce the computational complexity, we use a low complexity log-
likelihood ratio (LLR) algorithm to calculate the constellation diagram where the active
symbols belonged. The basic idea is as follows: First, posterior probability is calculated
according to formula (3), in which 1 � n � N, SAðjÞ 2 MA, SBðjÞ 2 MB. If the sign of
cn is positive, the subcarrier transmits the symbol modulated by MA-QAM; if the sign
of cn is negative, the subcarrier transmits the symbol modulated by MB-QAM. Thus,
the corresponding SAP is obtained.

cn ¼ lnð
PMA

j¼1 PrðXn ¼ SAðjÞjYnÞ
PMB

j¼1 PrðXn ¼ SBðjÞjYnÞ
Þ ð3Þ

Then, we determine the corresponding modulation symbol [11] of each subcarrier
according to HL algorithm. Firstly, break the M-QAM symbols into N1-PAM and
N2-PAM, where M ¼ N1 � N2. Then calculate the values of modulation symbols
carried by the received signal Yl of each subcarrier according to formula (4) and
formula (5), in which sl ¼ RðslÞþ j � IðslÞ, u1 ¼ RðYlÞ, u2 ¼ IðYlÞ, and Rð�Þ represents
retrieving the real part, Ið�Þ represents getting the imaginary part, minð�Þ, maxð�Þ,
roundð�Þ represent the minimum, maximum and round values, respectively. It is
unnecessary to search modulation symbols when using HL algorithm. So the com-
putational complexity can be greatly reduced, especially in the condition of high order
modulation.

RðslÞ ¼ min½maxð2roundðu1 þ 1
2

Þ � 1;�N1 þ 1Þ;N1 � 1� ð4Þ

IðslÞ ¼ min½maxð2roundðu2 þ 1
2

Þ � 1;�N2 þ 1Þ;N2 � 1� ð5Þ

3 The Constructed Index Bits Mapping Method

The constructed index bits mapping method includes the Backward Selection mode and
the Padding ‘1’ mode. The main idea is described as follows: a total of m information
bits enter the OFDM-IM transmitter for the transmission of each OFDM block, these m
bits are split into g groups each containing p bits, i.e., m ¼ pg. Select the first p1 bits of
the incoming p bits and convert the value of p1 into a decimal number Z. Then, we
compare the value of Z with Cðn; kÞ � 2p1 � 1. According to the results of the com-
parison, the algorithm decides to choose one of the two modes, Backward Selection or
Padding ‘1’. The block diagram of the transmitter is given in Fig. 2.

(1) Backward Selection:
If 0� Z�Cðn; kÞ � 2p1 � 1, select one more bit after the first p1 bits, so the index
bits become a length of p1 þ 1 bits sequence, then take the next step according to
the ðp1 þ 1Þ-th bit. This is called Backward Selection.
(a) If the ðp1 þ 1Þ-th bit is ‘0’, the index value ZI is equal to Z.
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(b) If the ðp1 þ 1Þ-th bit is ‘1’, the index value ZI is equal to Z þ 2p1 .
(2) Padding ‘1’:

If Z[Cðn; kÞ � 2p1 � 1, padding ‘0’ or ‘1’ after p1 bits, then the index bits of p1
turn into p1 þ 1 bits. The index value ZI is equal to Z. This is called Padding ‘1’.

We take p1 ¼ 2; n ¼ 4; k ¼ 2 as an example for each subblock, which is shown in
Table 1. If the numeric value in the active subcarrier is ‘1’, it indicates that the cor-
responding subcarrier is activated, and ‘0’ indicates that the subcarrier is not activated.

If the p1 ¼ 2 information bits of the data stream are ‘00’, its decimal value is 0, that
is, Z ¼ 0. And Cðn; kÞ � 2p1 � 1 ¼ 6� 22 � 1 ¼ 1, so 0 � Z � Cðn; kÞ � 2p1 � 1 is
derived, according to the algorithm, the one more bit after the first p1 bits of the data
stream will be selected. The ‘0’ or ‘1’ should be padded into the sequence after original
index bits to form the new index bits sequence, which we named the Constructed Index
Bits: If the subsequent bit is ‘0’, the ZI ¼ 0 is obtained by converting the new index
bits ‘000’ into decimal form; If the subsequent bit is ‘1’, the ZI ¼ 4 is obtained by
converting the new index bits ‘001’ to decimal plus 2p1 , then ZI ¼ Zþ 2p1 ¼ 4.

If the two information bits of the data stream are ‘10’, its decimal value is 2.
Cðn; kÞ � 2p1 � 1 ¼ 6� 22 � 1 ¼ 1, 2 � 1. Therefore, according to the algorithm, the
information bit ‘1’ will be padded after the original index bits ‘10’, we get a new index
bits ‘101’. Then the new index bits sequence ‘101’ is converted to the decimal form 2,
that is ZI ¼ 2.

Each subblock adopts the bit-padding technique mentioned above, in the meantime
a total of p2 bits are sent to the MA mapper and MB mapper.

p2 ¼ k log2 MA þðn� kÞ log2 MB ð6Þ

where MA and MB represent the modulation order. It is clear that the length of sub-
carrier indices of each OFDM-IM subblock are equal after bit-padding process,
meanwhile the number of bits which carried in each subblock will be p ¼ ðp1 þ 1Þþ p2
or p ¼ p1 þ p2. Because of Backward Selection, the former is 1 larger than the latter.

According to the value of ZI , we use the combinational method to obtain the
corresponding SAP as shown in formula (2) [5]. Among them, ck [ . . .[ c1 � 0,

Table 1. Constructed index bits mapping method when p1 ¼ 2; n ¼ 4; k ¼ 2

Index
bit

Z Cðn; kÞ
�2p1 � 1

Backward
Selection or
Padding ‘1’

Constructed
index bits

Index
value ZI

Sequences J Active
subcarrier

00 0 1 Backward
Selection

000 0 {1, 0} [1, 1, 0, 0]
001 4 {3, 1} [0, 1, 0, 1]

01 1 1 Backward
Selection

010 1 {2, 0} [1, 0, 1, 0]
011 5 {3, 2} [0, 0, 1, 1]

10 2 1 Padding ‘1’ 101 2 {2, 1} [0, 1, 1, 0]
11 3 1 Padding ‘1’ 111 3 {3, 0} [1, 0, 0, 1]
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which ck represents the position corresponding to the activation of the subcarrier in
each subblock. The number of active subcarriers satisfies Cðck; kÞ� ZI and
Cðck�1; k � 1Þ� ZI � Cðck; kÞ, etc. Then the serial number of active subcarriers finally
is Jþ 1, J ¼ fck; . . .; c1g.

ZI ¼ Cðck; kÞþ . . .þCðc2; 2ÞþCðc1; 1Þ ð7Þ

As an example, when n ¼ 4; k ¼ 2;Cð4; 2Þ ¼ 6, the algorithm, which finds the
lexicographically ordered sequences for all possibilities, can be explained as follows:
start by choosing the maximal ck that satisfies Cðck�1; 2Þ� 5 and then choose the
maximum ck�1 that satisfies Cðck�1; 1Þ� 5� Cðck; 2Þ and so on. The following
sequences J can be calculated as:

5 ¼ Cð3; 2ÞþCð2; 1Þ ! J ¼ f3; 2g
4 ¼ Cð3; 2ÞþCð1; 1Þ ! J ¼ f3; 1g
3 ¼ Cð3; 2ÞþCð0; 1Þ ! J ¼ f3; 0g
2 ¼ Cð2; 2ÞþCð1; 1Þ ! J ¼ f2; 1g
1 ¼ Cð2; 2ÞþCð0; 1Þ ! J ¼ f2; 0g
0 ¼ Cð1; 2ÞþCð0; 1Þ ! J ¼ f1; 0g

ð8Þ

4 Results and Discussion

4.1 Transmission Efficiency

The number of data bits carried in each subblock of traditional OFDM-IM and the
proposed BPDM-OFDM are as below:

OFDM-IM:

p ¼ p1 þ p2 ¼ log2 Cðn; kÞb cþ k log2 M

BPDM-OFDM:

a. Backward Selection:

p ¼ ðp1 þ 1Þþ p2 ¼ log2 Cðn; kÞb cþ 1þ k log2 MA þ k log2 MB

b. Padding ‘1’:

p ¼ p1 þ p2 ¼ log2 Cðn; kÞb cþ k log2 MA þ k log2 MB

Dual-Mode OFDM-IM by Encoding All Possible Subcarrier Activation Patterns 9



The comparison of the number of transmission data bits in each subblock between
BPDM-OFDM and OFDM-IM systems for n ¼ 4; k ¼ 2 are shown in Table 2.

Spectrum efficiency is calculated with q ¼ gðp1 þ p2Þ
NþL .with BPSK, the spectrum

efficiency of OFDM-IM is 0.89 bit/Hz, and the spectrum efficiency of BPDM-OFDM
is 1.56 bit/s/Hz or 1.33 bit/s/Hz; With QPSK modulation, the spectrum efficiency
of OFDM-IM is 1.33 bit/Hz, and the spectrum efficiency of BPDM-OFDM is
2.45 bit/s/Hz or 2.22 bit/s/Hz. From the comparison it can be concluded that BPDM-
OFDM system obtains higher spectrum efficiency.

4.2 Complexity Analysis

The total computational complexity of the detectors of OFDM-IM and BPDM-OFDM
systems, in terms of real multiplications, are shown in Table 3.

In Table 3, C ¼ 2p1 is the total number of active subcarrier index combinations,
and MA ¼ MB ¼ M is the order of modulation.

As shown in Table 3, the complexity of ML detection algorithm increases
quadratically with the number of subcarriers N, and increases linearly with modulation
order. When the transmitting terminal is equipped with dozens or even hundreds of
subcarriers, the detection complexity of ML detector will be so large that makes it

Table 2. Comparison of the number of data bits at n ¼ 4; k ¼ 2

Modulation
mode

OFDM-
IM

BPDM-OFDM
(Backward
Selection)

BPDM-OFDM
(Padding ‘1’)

BPSK 4 7 6
QPSK 6 11 10

Table 3. Complexity analysis

Model Detection
algorithm

Complexity Example:
n; k;M ¼ ð4; 2; 4Þ

OFDM-IM ML Oð2CMkÞ 196

BPDM-
OFDM

ML Oð6n2MAMBÞ 1536

LLR+ML Oð6nMA þ 6nðMA þMBÞÞ 288
LLR-HL Oð9nþ 6nðMA þMBÞÞ 228
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become impractical. In our proposed LLR-HL algorithm, the posterior probability is
used to judge the dual-mode modulation constellation space. HL algorithm which can
directly calculates modulation symbol is used to replace the full-search ML detection,
so the LLR-HL detection algorithm can greatly reduce the complexity of detection and
eliminate the problem that the complexity increases exponentially with N.

4.3 BER Analysis

In this subsection, simulation is carried out under AWGN channel and frequency-
selective channel for the BPDM-OFDM with QPSK modulation and OFDM-IM with
16QAM modulation to ensure they have the same spectrum efficiency. In all simula-
tions, we assumed the following system parameters: N ¼ 128, n ¼ 4, k ¼ 2 and
L ¼ 16. The comparison of BER performance between OFDM-IM and BPDM-OFDM
systems using different detection algorithms are shown in Figs. 3, 4 and 5.

As shown in Fig. 3, under BPSK modulation, the OFDM-IM with subcarrier
interleaving (OFDM-ISIM) has obvious advantages over OFDM-IM and OFDM at
medium to high SNR. At a BER value of 10−3, the performance gap between
OFDM-ISIM and OFDM-IM is about 7 dB. Therefore, we employ the subcarrier
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interleaving to BPDM-OFDM, and the BER performance between BPDM-OFDM
with/without interleaving is shown in Fig. 5.

As shown in Fig. 4, the proposed BPDM-OFDM achieves approximately 1 dB
better than the BER performance of OFDM-IM when using the ML detection. When
the LLR detection is used, there is about 0.1 dB performance loss comparing to the ML
detection in the low SNR region. Considering the complexity of LLR detection is still
high, the LLR-HR detection method is also compared. The BER performance of the
proposed LLR-HL detection scheme is very close to that of the LLR detection. As we
explained before, LLR uses the posterior probability to reduce the detector’s search
times, and LLR-HL can directly calculate the modulation symbols according to the real
part and imaginary part of the received information after the modulation constellation
diagram is decided. Although the LLR-HL detection exhibites a slight BER perfor-
mance loss compared to ML detection, it achieves a great decrease in computational
complexity.

As shown in Fig. 5, the performance of BPDM-OFDM is about 2 dB at the BER
10−3,which shows better performance than that of OFDM-IM. The reason is that under
the same spectrum efficiency, BPDM-OFDM adopts QPSK modulation while OFDM-
IM adopts 16QAM modulation with higher order. At a BER value of 10−3, the LLR-
HL algorithm without interleaving in BPDM-OFDM exhibits about 2 dB loss with ML
algorithm. However, the BER performance of LLR-HL detection algorithm could reach
the similar performance of ML detection with the interleaving technique.

5 Conclusion

In this paper, a novel BPDM-OFDM scheme has been presented based on dual-mode
modulation with bit-padding and subcarrier interleaving techniques. The BPDM-
OFDM system is proposed for exploiting all of the possible SAPs to convey data in
order to improve transmission efficiency and BER performance in contrast with the
traditional OFDM-IM system. A low complexity LLR-HL detection algorithm instead
of ML detection is employed, which reduces the detection complexity distinctly. It is
shown via computer simulation that the performance of BPDM-OFDM outperforms the
traditional OFDM-IM. In follow-up research work, the lower order modulation method
in OFDM-IM can be studied to further improve the system error performance and
spectral efficiency [14]. The Gray-coded index mapping method was already reported
to be used to reduce the index error rate of dual-mode system [14]. The structure of the
dual-mode system has yet to be further improved.
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Algorithm 1 Iteration LLR-HL Calculation for BPDM-OFDM

Require: Received signal nY , channel coefficient nH , noise energy 

0N , constellation sets AM , BM , 1 2M N N= × , and their sizes of 

OFDM subblock l, number of subcarriers modulated by mapper A per 
subblock k ; 

Ensure: nγ is LLR of -thn subcarrier;

1: 2
1

0

1 ( )n n AY H S j
N

Δ = − −

2: 2
2

0

1 ( )n n BY H S q
N

Δ = − −

3:for ( 2; ;Aj j M j= ≤ + + ) do

4: 2
1

0

1 ( )n n AT Y H S j
N

= − −

5: 2 1 1 1 1max{ , } ( )T T f T= Δ + Δ −

6: 2 2TΔ =

7:end for

8:for ( 2; ;Bq j M q= ≤ + + ) do 

9: 2
1

0

1 ( )n n BT Y H S q
N

= − −

10: 2 2 1 2 1max{ , } ( )T T f T= Δ + Δ −

11: 2 2TΔ =

12:end for

13: 1 2ln( ) ln( )n k n kγ = − − + Δ − Δ

14: return nγ

15 If 0nγ > 2
n n

n

H YD
H

×=

Else 
(1 3) exp( 0.75)

WD
j π

=
+ × − × ×

16: 1 ( )u real D= , 2 ( )u imag D=

17: 1
1 1

1( ) min[max(2 ( ) 1, 1), 1]
2l

uR s round N N+= − − + −
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