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In this paper, we investigate new signal constellation pairs for mapping active subcarriers of the zero-padded trimode orthogonal
frequency division multiplexing with index modulation (ZTM-OFDM-IM) systems. In the presented system, one of a constellation
pair is the same as the one used in the previous work, and the other is a constellation larger than the one used in the previous work.
It increases the minimum Euclidean distance between the subblocks of the ZTM-OFDM-IM system with new constellation pairs
under the constraint of the same spectral efficiency. Computer simulation in AWGN and frequency-selective fading channels
shows that the new ZTM-OFDM-IM system has a much lower bit error rate than OFDM-IM and dual-mode OFDM-IM and
slightly outperforms the system with conventional constellation pairs. Since the proposed constellation pairs prove the error
performance improvement of the system, it is considered that a further study on generalized design of the constellation pair for
the ZTM-OFDM-IM system is necessary in the future.

1. Introduction

Due to its large capacity, high spectral efficiency, and robustness
against frequency-selective fading [1], orthogonal frequency
divisionmultiplexing (OFDM), amulticarriermodulation tech-
nique, has been widely adopted in various wireless communi-
cation systems and standards such as wireless fidelity (Wi-Fi)
[2], long-term evolution (LTE) [3], andworld interoperability
for microwave access (WiMAX) [4] for next-generation wire-
less communications. It is also an attractive advantage of an
OFDM system for wireless communications to effectively
eliminate intersymbol interference (ISI) by inserting a cyclic
prefix (CP) between successive symbols [5].

To accommodate the requirements for high spectral and
energy efficiencies, a lot of studies on index modulation (IM)
have been carried out. In the IM scheme, a part of indexed
resources are activated and used for data transmission [6, 7].
A subcarrier-index modulated (SIM) OFDM [8] and an
enhanced SIM-OFDM (ESIM-OFDM) scheme [9] introduce
the concept of IM into the frequency domain to achieve diver-

sity gain. However, the spectral efficiency of both systems is
very low compared to the conventional OFDM scheme. To
mitigate this problem, OFDM with IM (OFDM-IM) has been
proposed to flexibly transmit IM bits by controlling the index
of active subcarriers [10, 11]. In the OFDM-IM system, infor-
mation bits are divided into symbol bits and index bits. The
former are mapped to the activated subcarriers in the same
way as the traditional OFDMmodulation, and the latter indi-
cate the pattern of the activated subcarriers in the OFDM
subblock. Hence, the energy efficiency of the scheme can be
significantly improved, while the spectral efficiency is limited
[12]. To improve the spectral efficiency of the OFDM-IM
system, dual-mode OFDM-IM (DM-OFDM-IM) has been
proposed, where all subcarriers of a subblock are activated
and mapped with two different constellations [13]. As the
frequency spectrum can be fully utilized while maintaining
the characteristics of the IM scheme, the DM-OFDM-IM
generally outperforms the OFDM-IM. Though the DM-
OFDM-IM scheme has a little loss of energy efficiency, it
can enhance the data rate more than the OFDM-IM.
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As a compromise between spectral efficiency and energy
efficiency, the zero-padded trimode OFDM-IM (ZTM-
OFDM-IM) system has been proposed in [14]. Here, the
subcarriers are divided into several disjoint subblocks. A part
of the subcarriers in each subblock ismodulated by two distin-
guished constellations, and the other subcarriers are left
blank, so that energy efficiency of the system can be increased.
To avoid decreasing spectral efficiency, a larger constellation
is usually exploited to map the active subcarriers.

In this paper, we introduce new constellation pairs to
improve error performance of the ZTM-OFDM-IM system.
Here, one of the two mappers used to map active subcarriers
uses the same signal constellation as the one used in the pre-
vious work, while the other uses a larger constellation than
the one used in [14]. This increases the minimum Euclidean
distance (MED) between the subblocks of the ZTM-OFDM-
IM system with new constellation pairs under the constraints
of the same spectral efficiency. The proposed constellation
pairs demonstrate the possibility of improving error perfor-
mance of the system.

The rest of this paper is organized as follows. The trans-
ceiver models of the OFDM systems with the IM scheme
are briefly introduced in Section II. In Section III, the new
pairs of constellations are discussed in detail. Performance
of the proposed ZTM-OFDM-IM system is analyzed in Sec-
tion IV. Finally, some conclusions are provided in Section V.

2. The OFDM Systems with Index Modulation

There are three typical index modulation schemes for the
OFDM system. The OFDM-IM and DM-OFDM-IM can be
considered as special cases of the ZTM-OFDM-IM system.
The typical transmitter structure of the ZTM-OFDM-IM is
shown in Figure 1, where S/P and P/S represent serial-to-
parallel and parallel-to-serial converters, respectively. IFFT
is the N-point inverse fast Fourier transform. For an OFDM
signal withN subcarriersX = ½Xð1Þ, Xð2Þ, ⋯ , XðNÞ�T in the
frequency domain, all subcarriers are divided into G disjoint

subblocks to represent the signal asX = ½Xð1Þ,Xð2Þ,⋯,XðGÞ�T ,
where XðgÞ = ½XðgÞ

1 , XðgÞ
2 ,⋯, XðgÞ

n �T , g = 1, 2,⋯,G, is the
subcarriers in the gth subblock and n =N/G is the number
of subcarriers in a subblock. Thus, the OFDM signal can be
rewritten as

X = X 1ð Þ
1 , X 1ð Þ

2 ,⋯, X 1ð Þ
n , X 2ð Þ

1 , X 2ð Þ
2 ,⋯, X 2ð Þ

n ,⋯, X Gð Þ
1 , X Gð Þ

2 ,⋯, X Gð Þ
n

h iT
:

ð1Þ

The m input information bits are divided into G parallel
data streams of p =m/G bits. p = pM + pI information bits for
a group are divided into pI index bits and pM symbol bits,
which are fed to the index selector and a pair of constella-
tions for mappers, respectively. pA from the pM symbol bits
are for signal mapping using the mapper A, while the
remaining pB = pM − pA bits are for the mapper B. Since the
constellations for signal mapping should be distinguishable,
the signal points of the constellation A and those of the con-
stellation B are not overlapped with each other. To prevent

the spectral efficiency of the system from being reduced,
the constellation sizeMB for the mapper B is generally larger
thanMA, where the constellation size implies the number of
elements in the constellation.

According to the pI index bits, the index selector deter-
mines one of 2pI index patterns expressed as

I = I 1ð Þ, I 2ð Þ,⋯, I 2pIð Þ
h iT

, ð2Þ

where the ith pattern IðiÞ indirectly transmits pI bits given as

I ið Þ = I ið Þ 1ð Þ, I ið Þ 2ð Þ,⋯, I ið Þ pIð Þ
h i

, ð3Þ

for i = 1, 2,⋯, 2pI . With the fixed index pattern, there are 2pM
possible transmission signals of

SI ið Þ = S 1ð Þ
I ið Þ , S 2ð Þ

I ið Þ ,⋯, S 2pMð Þ
I ið Þ

h iT
: ð4Þ

Each SðjÞIðiÞ ⊂ SIðiÞ composed of n subcarrier signals can be
represented as

S jð Þ
I ið Þ = S jð Þ

I ið Þ 1ð Þ S jð Þ
I ið Þ 2ð Þ ⋯ S jð Þ

I ið Þ nð Þ
h i

, ð5Þ

for j = 1, 2,⋯, 2pM . Hence, there are 2p transmission signals
for XðgÞ. In each subblock, kA active subcarriers from n sub-
carriers are modulated by the mapper A, and the kB = k − kA
active subcarriers from the remaining ðn − kAÞ subcarriers
are modulated by the mapper B, where k is the total number
of active subcarriers. Since inactive subcarriers are also
included in the transmitted OFDM signal, the number of
inactive subcarriers ðn − kÞ should be greater than zero.
Therefore, the numbers of bits pA and pB modulated by
mapper A and mapper B are

pA = kA log2 MAð Þ,
pB = kB log2 MBð Þ,

ð6Þ

respectively. Then, pM symbol bits are

pM = kA log2 MAð Þ + kB log2 MBð Þ: ð7Þ

The index selector uses pI of the p input bits to divide the
index for a subblock into two index subsets. The number of
bits needed to select an appropriate index mode is

pI = log2
n

kA

 !
+ log2

n − kA

kB

 !$ %
, ð8Þ

where bxc denotes the greatest integer that is not greater than
or equal to x.

Except for the subcarrier indexing method, the OFDM-
IM and the DM-OFDM-IM have the same functional struc-
tures as the ZTM-OFDM-IM. In the OFDM-IM scheme,
only one constellation is used to generate active subcarriers.
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It is equivalent to the ZTM-OFDM-IM system with k = kA,
kB = 0, andMB = 0. Thus, it can be a special case of the
ZTM-OFDM-IM with low spectral efficiency. The DM-
OFDM-IM scheme exploits a pair of constellations to gener-
ate the transmitted signals. However, it is different from the
ZTM-OFDM-IM in that all subcarriers are activated for sig-
nal transmission, that is, n − k = 0. Thus, it is considered as a
ZTM-OFDM-IM system with low energy efficiency.

The OFDM system with an index modulation scheme
also performs N-point IFFT to produce the signal x =
½xð1Þ, xð2Þ,⋯, xðNÞ�T in the time domain. To eliminate the
adverse effect of ISI caused by the delay spread of multipath
fading channel, a CP of lengthL is added in front of the OFDM
signal. Then, the spectral efficiency of the OFDM system is

η = Np
N + Lð Þn : ð9Þ

Suppose that the transmission environment is a frequency-
selective Rayleigh fading channel of which the impulse
response is h = ½hð1Þ, hð2Þ,⋯, hðvÞ�T with the distribution of
CN ð0, 1/vÞ, where v is themaximumdelay spread.We assume
that the length of CP should be greater than the maximum
delay spread, that is, L > v to completely eliminate the ISI. After
removal of the CP and FFT operation in the receiver, the
received OFDM signal in the frequency domain is Y =
½Yð1Þ, Yð2Þ,⋯, YðNÞ�T . Then, the received signal in the gth

subblock YðgÞ = ½Y ðgÞ
1 , Y ðgÞ

2 ,⋯, Y ðgÞ
n �T can be expressed as

Y gð Þ = diag X gð Þ
n o

H gð Þ +W gð Þ, ð10Þ

wherediag fXðgÞg is ann × ndiagonalmatrix ofwhich themain

diagonal elements are XðgÞ. WðgÞ = ½WðgÞ
1 ,WðgÞ

2 ,⋯,WðgÞ
n �T

represents complex additive white Gaussian noise (AWGN)

of CN ð0,N0Þ, that is, zero mean and variance of N0. HðgÞ =
½HðgÞ

1 ,HðgÞ
2 ,⋯,HðgÞ

n �T is a coefficient vector of the fading
channel in the gth subblock.

The maximum likelihood (ML) detector is used to mini-
mize the Euclidean distance between the estimated subblocks
and the received subblocks. The estimation of thegth
subblock can be determined by

X∧ gð Þ = arg min
I ið Þ⊂I, S jð Þ

I ið Þ⊂SI ið Þ
〠
n

r=1
Y gð Þ
r −H gð Þ

r S jð Þ
I ið Þ rð Þ

��� ���2, ð11Þ

where SðjÞIðiÞ ðrÞ represents the jth transmission signal of the rth

subcarrier with the fixed index pattern IðiÞ. A simple look-up
table can be used to recover the information bits from the
subblocks corresponding to the transmitted symbols and
index patterns.

3. The Improved Constellation Pairs for ZTM-
OFDM-IM

When an ML detector is exploited, error performance of the
ZTM-OFDM-IM system depends largely on the MED
between different OFDM subblocks. The Euclidean distance
between two subblocks can be defined as

D S j1ð Þ
I i1ð Þ , S j2ð Þ

I i2ð Þ

� �
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〠
n

r=1
S j1ð Þ
I i1ð Þ rð Þ − S j2ð Þ

I i2ð Þ rð Þ
��� ���2

s
, ð12Þ

where Sðj1ÞIði1Þ ðrÞ, S
ðj2Þ
Iði2Þ ðrÞ ∈ S and Iði1Þ, Iði2Þ ⊂ I. The minimum

distance dmin normalized by the transmitted bit energy can
be expressed as

dmin = min
i1,j1ð Þ≠ i2,j2ð Þ

ffiffiffiffiffi
1
Eb

s
D S j1ð Þ

I i1ð Þ , S j2ð Þ
I i2ð Þ

� �
, ð13Þ

where Eb = EsðN + LÞ/m = ðEsðN + LÞÞ/ðGðpI + pMÞÞ is the
average energy per bit and Es is the average symbol energy.
Maximizing the MED between subblocks usually results in
improved bit error rate (BER) performance. Therefore, when
designing the constellation pair for subcarrier mapping in the
ZTM-OFDM-IM, the MED between different subblocks
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Figure 1: The transmitter structure of the ZTM-OFDM-IM system.
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should be greater than or equal to the MED between constel-
lation points.

The constellation pair proposed in this paper is com-
pared with the one in [14], where two different BPSK
schemes shown in Figure 2 are adopted. The constellation
A uses a pair of signal points located at f1,−1g, and the
signal points of the constellation B are at f ffiffiffi

2
p

j,−
ffiffiffi
2

p
jg,

where j =
ffiffiffiffiffiffi
−1

p
. In the proposed constellation pair shown

in Figure 3, the constellation B exploits the signal points
of 4-QAM, while the constellation A uses the same BPSK
signal points.

Supposed that the number of subcarriers N , the length of
CP L, and the maximum delay spread of the fading channel v
are set to 128, 16, and 10, respectively. Assuming that the
number of the disjoint group is 32, there are four subcarriers
in a subblock consisting of two active subcarriers and two
inactive subcarriers. In the proposed ZTM-OFDM-IM sys-
tem, one of the active subcarriers is modulated by the mapper
A and the other is modulated by the mapper B as shown in
Figure 3. However, in the previous system [14], three of the
four subcarriers are activated, two of them are modulated
by the mapper A, and the other is modulated by the mapper
B. The spectral efficiency of both systems is equal to 1.333
bit/s/Hz. According to (13), the normalized minimum
distance of the proposed constellation pair shown in
Figure 3 is dmin = 2:667, which is about 15:5% larger than
dmin = 2:309 of the conventional constellation pair presented
in Figure 2. Since dmin is one of the major factors for perfor-
mance improvement, the proposed constellation pair possi-
bly provides better BER performance. In Table 1, we
compare the normalized MEDs of three index modulation-
based OFDM systems with some specific parameters under
the same spectral efficiency of 1.333 bit/s/Hz. It is considered
that the ZTM-OFDM-IM with the proposed constellation
pair has the largest dmin.

When the spectral efficiency is 2.222 bit/s/Hz, a constellation
pair shown in Figure 4 has been used in the previous ZTM-
OFDM-IM system [14], where a = ð1 + ffiffiffi

2
p Þ, b = −ð1 + ffiffiffi

2
p Þ.

The inner 4-QAM constellation is for the mapper A, and the
outer 8 signal points are for the mapper B, that is, MA = 4
and MB = 8, respectively. Let d be the MED between a signal
point in A and the nearest signal point in B. In addition, the
MED from the origin to any signal point in the constellation
pair is also equal to d. Then, the Euclidean distances dA of
the constellation A and dB of the constellation B are equal
to dA = dB =

ffiffiffi
2

p
d. Such constraints can be met with the new

constellation pair presented in Figure 5. Both constellation
pairs use the same signal set for the mapper A. However, the
outer signal set for the mapper B in Figure 5 is different from
the one in Figure 4. Nevertheless, both pairs have the same
parameter set of ðn, k, kA, kBÞ = ð4, 3, 2, 1Þ for designing the
ZTM-OFDM-IM system as given in Table 2. It is noted that
the proposed constellation pair has a larger normalized
MED of 1.886 than the previous one. As presented in
Table 2, the ZTM-OFDM-IM system with the proposed con-
stellation pair has the largest dmin. It implicitly implies that the
system with a new constellation pair may have slightly
improved error performance.

4. Performance Analysis

To evaluate performance of the proposed constellation pairs
for the ZTM-OFDM-IM system, computer simulation has
been carried out. The parameters presented in Tables 1 and 2
have been exploited to design the OFDM systems based on
the IM scheme. We implement the frequency-selective Ray-
leigh fading channel as well as the AWGN channel using
Matlab programas a transmission environment for simulation.

BERs of the OFDM systems with the IM scheme in the
AWGN and frequency-selective Rayleigh fading channels
are plotted in Figures 6 and 7 , respectively. Here, the
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Figure 2: The constellation pair with MA =MB = 2 in [14].
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parameters presented in Table 1 are used. To make the
systems have the same spectral efficiency of 1.333 bit/s/Hz,
the subcarriers in the previous ZTM-OFDM-IM system gen-
erated by the mapper A and the mapper B shown in Figure 2
are kA = 2 and kB = 1, respectively, while those in the pro-
posed ZTM-OFDM-IM system produced by the mappers
shown in Figure 3 are kA = kB = 1. In the DM-OFDM-IM sys-
tem, four subcarriers are divided into kA = kB = 2, that is, no
inactive subcarrier is exploited. In the case of the OFDM-
IM system, only one subcarrier is mapped using 16-QAM.

As a result, the ZTM-OFDM-IM system with the recom-
mended constellation pair shows better error performance
than the previous system. When the signal-to-noise ratio
(SNR) is lower than 8.5 dB in the AWGN environment, it
can be observed that the DM-OFDM-IM system has better
error performance than other systems as shown in Figure 6.
However, since BER is higher than 3:0 × 10−4 in this case, it
is considered that the DM-OFDM-IM is not suitable for
application to a communication system. Specifically, for the
BER of 10−6 as a reference, the proposed system has about
1.0 dB improvement in SNR over the conventional one.
And the error performance of about 0.6 dB and 2.5 dB is
improved compared to the DM-OFDM-IM and OFDM-IM
systems, respectively. It is analyzed that such performance
improvement of the proposed ZTM-OFDM-IM system is
caused by the increased MED between subblocks.

In the Rayleigh fading channel, both ZTM-OFDM-IM sys-
tems have almost the same BER. However, it can be observed
that those systems still have a performance gain of about
3.0 dB and 5.5 dB, respectively, compared to the DM-OFDM-
IM and OFDM-IM systems at a reference BER of 10−5. It is
due to the fact that the former systems have much increased
MEDs compared to the latter systems as shown in Table 1.

When the spectral efficiency is increased to 2.222
bit/s/Hz, the simulation results in the AWGN and Rayleigh
fading channels are plotted in Figures 8 and 9 , respectively.
Since the constellation pairs shown in Figures 4 and 5 are
applied to the ZTM-OFDM-IM system, mapper A and
mapper B are changed toMA = 4 andMB = 8, respectively,
as presented in Table 2. In the DM-OFDM-IM system,
mapper A and mapper B exploit the constellations shown
in Figure 2, soMA =MB = 4, and the OFDM-IM system
generates subcarrier signals using 16-QAM.

Similar to Figure 6, the ZTM-OFDM-IM system with the
proposed constellation pair has about 1.8 dB and 2.6 dB SNR
gain in the AWGN channel, respectively, compared to the
DM-OFDM-IM and OFDM-IM systems at the reference
BER of 10−6. However, the difference in BERs of the previous
and the new ZTM-OFDM-IM system is reduced to 0.3 dB.

Table 1: The parameters for IM schemes when η = 1:333 bit/s/Hz.

Modulation Constellation MA MB n kA kB P dmin

ZTM-OFDM-IM
Previous (Figure 2) 2 2 4 2 1 6 2.309

Proposed (Figure 3) 2 4 4 1 1 6 2.667

DM-OFDM-IM 1,−1f g,
ffiffiffi
3

p
j,−

ffiffiffi
3

p
j

n o
2 2 4 2 2 6 1.633

IM-OFDM-IM 16-QAM M = 16 4 k = 1 6 1.461
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As the MED gain of the new constellation pair over the
previous pair decreases, the amount of performance
improvement also decreases. The simulation results on the
frequency-selective Rayleigh fading channel also show that
the ZTM-OFDM-IM system with the new constellation pair
has the best error performance as shown in Figure 9. Hence,
maximizing the MED between different subblocks is crucial
for improving performance of the OFDM system based on
index modulation schemes.

5. Conclusions

This paper introduces new signal constellation pairs which
improve the error performance of the ZTM-OFDM-IM sys-
tem. In the presented system, one of the two mappers for
mapping active subcarriers uses the same signal constellation
as the one used in the previous work, and the other exploits a
constellation larger than the one used in [14]. This causes the
MED between the subblocks of the ZTM-OFDM-IM system
with new constellation pairs to be increased under the con-
straint of the same spectral efficiency. It is a major factor to
improve the bit error performance of the proposed system.

As a result of simulation in ideal AWGN and frequency-
selective Rayleigh fading channel environments, the ZTM-
OFDM-IM system with the proposed constellation pairs
has much lower BER than the typical OFDM system with
IM scheme such as OFDM-IM and DM-OFDM-IM. In addi-
tion, the new ZTM-OFDM-IM system shows slightly better

Table 2: The parameters for IM schemes when η = 2:222 bit/s/Hz.

Modulation Constellation MA MB n kA kB P dmin

ZTM
Previous (Figure 4) 4 8 4 2 1 10 1.812

Proposed (Figure 5) 4 8 4 2 1 10 1.886

DM Figure 2 in [13] 4 4 4 2 2 10 1.371

IM 16-QAM M = 16 4 k = 2 10 1.333

100

10–1

10–2

0 2 4 6 8
SNR (dB)

10 12 14 16

10–3

10–4

BE
R

10–5

10–6

OFDM-IM, 16-QAM
DM-OFDM-IM, original constellation (MA=2, MB=2)
ZTM-OFDM-IM, original constellation (MA=2, MB=2)
ZTM-OFDM-IM, new constellation (MA=2, MB=4)

Figure 6: BERs in the AWGN channel when η = 1:333 bit/s/Hz.
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performance than the same system with the conventional
constellation pairs. The new constellation pairs proposed in
this paper increase the MED between subblocks, demonstrat-
ing the possibility of improving error performance of the
ZTM-OFDM-IM system. Hence, it is considered that a fur-
ther study on generalized design of the constellation pairs
for the mappers of the ZTM-OFDM-IM system is necessary
in the future. In addition, another investigation on the IM-
based OFDM system is necessary to further improve spectral
and energy efficiencies while suppressing system complexity.
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Figure 9: BERs in the Rayleigh fading channel when η = 2:222
bit/s/Hz.
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