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ABSTRACT Dual mode orthogonal frequency division multiplexing with index modulation (DM-OFDM-
IM) is recently proposed, where the subcarriers within each subblock are divided into two groups, which are
modulated by two distinguishable signal constellations. That is, the DM-OFDM-IM activates all subcarriers
to convey data and eliminate the limits of spectrum efficiency in OFDMwith index modulation (OFDM-IM).
However, the conventional constellation pair in the DM-OFDM-IM is naively designed and thus induces
much power increase. Also, there has been no discussion on symbol-to-bit mapping in the constellation pair.
In this paper, a new constellation pair design and the corresponding bit mapping for the DM-OFDM-IM is
proposed based on the average bit error probability (ABEP). Since the optimization problem of minimizing
the ABEP is difficult to solve, we propose a suboptimal constellation pair through three steps; First, the shape
of the constellation pair is design based on only the pairwise error probability (PEP) term in the ABEP.
Second, a good bit mapping for the constellation pair is proposed. Third, we further modify the constellation
pair by considering the ABEP. The simulation results show that the proposed constellation pair with the bit
mapping substantially enhances the bit error rate (BER) performance of the DM-OFDM-IM compared with
the conventional DM-OFDM-IM system.

INDEX TERMS Orthogonal frequency division multiplexing (OFDM), index modulation (IM), constella-
tion, average bit error probability (ABEP), pairwise error probability (PEP).

I. INTRODUCTION
In recent years, multicarrier transmission has become an
attractive technique in many wireless standards to meet the
increasing demand for high data rate communication systems.
One of the most popular multicarrier techniques, orthogonal
frequency division multiplexing (OFDM), has developed into
a widely-used scheme for wideband digital communication.
The major advantage of OFDM over single-carrier schemes
is its ability to cope with frequency-selective fading channel
with only one-tap equalizer. Therefore, OFDM has become
an integral part of IEEE 802.16 standards [1]. Many attempts
to further improve the classical OFDM system have been
made.

The concept of indexmodulation (IM) originates from spa-
tial modulation technique [2]–[4] in multiple-input multiple-
output (MIMO) systems. The spatial modulation utilizes the
indices of antennas to convey extra information during the
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transmission. IM was introduced into OFDM systems as
subcarrier index modulation (SIM) in [5], where additional
bits can be transmitted through subcarrier indices. Spectral
efficiency and energy efficiency can be improved at the same
time because it exploits another dimension for transmission.
Motivated by this work, several OFDM with index modula-
tion (OFDM-IM) schemes have been proposed [6]–[9], where
the additional bits are transmitted by the subcarrier activation
pattern. In [10], the compressed sensing is combined with
OFDM-IM to decrease the complexity of the detector. Since
a portion of subcarriers are deactivated and unused during the
transmission, it results in the decrease of the overall spectral
efficiency.

More recently, dual mode OFDM with index modula-
tion (DM-OFDM-IM) has been introduced in [11]. The
DM-OFDM-IM system modulates all subcarriers using a
pair of disjoint constellations and implicitly transmits addi-
tional bits through the subcarrier indices pattern of each
constellation. In such fashion, DM-OFDM-IM has the poten-
tial to further increase the data transmission rate. Similar
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to OFDM-IM, a generalized version of DM-OFDM-IM was
proposed in [12]. Also, a low complexity maximum likeli-
hood (ML) detector is proposed for DM-OFDM-IM in [13]
and how to define themapping between index bits and subcar-
rier indices patterns is discussed in [14]. In [15], zero-padded
tri-mode OFDM-IM is proposed, where only a fraction of
subcarriers are modulated by two distinguishable constel-
lation alphabets, while the others remain empty. However,
the shape of the pair of constellations used in [11] and [12]
is naively designed, which induces a huge power increase.
Also, symbol-to-bit mapping in the constellation pair, which
will be simply denoted as bit mapping in this paper, was
not discussed. To the authors’ best knowledge, the problems
about how to jointly design the shape of the constellation pair
and its bit mapping has not been discussed in the literature,
which has unnegligible effects on the bit error rate (BER)
performance of DM-OFDM-IM systems.

In this paper, well-designed new constellation pair and
bit mapping for DM-OFDM-IM are proposed. The proposed
constellation pair is designed based on the average bit error
probability (ABEP) analysis. Since it is difficult to solve
the problem of minimizing ABEP, we obtain a suboptimal
constellation pair through sequential three steps. As a result,
the DM-OFDM-IM using the proposed constellation pair
shows better BER performance than the DM-OFDM-IM
using the conventional constellation pair in [11] and [12],
which is verified by simulations.

The rest of this paper is organized as follows. Section II
describes the system model of DM-OFDM-IM and the con-
ventional constellation pair. Section III presents the proposed
constellation pair based on ABEP analysis, where three steps
to obtain the proposed constellation pair are presented in its
subsections. In Section IV, the simulation results are given
to evaluate the benefit of the proposed constellation pair and
bit mapping for DM-OFDM-IM. Finally, our conclusions are
drawn in Section V.
Notations:Vectors are denoted by boldface letters asX and

its α-th element is denoted by X (α). CN (0, σ 2) represents
the distribution of a circularly symmetric complex Gaussian
(CSCG) random variable with zero mean and variance σ 2.
The Euclidean norm of a vector X is denoted by ‖X‖2. Also,
Î and X̂ represent the estimates of a set I and a vector
X, respectively. Two disjoint constellations will be named
simply A and B.

II. DUAL MODE OFDM-IM AND THE CONVENTIONAL
CONSTELLATION PAIR
A. DUAL MODE OFDM-IM
The DM-OFDM-IM transmitter [11] is illustrated in Fig. 1.
First, m incoming bits are partitioned by a bit splitter into G
groups, b1, · · · ,bG, where each consists of p bits as

bg = [bg(1) bg(2) · · · bg(p)], g = 1, · · · ,G (1)

and p = m/G. Each bit stream bg is fed into an index selec-
tor and two different constellation mappers for generating a
DM-OFDM-IM blockXg of length n = N/G, where N is the

FIGURE 1. A block diagram of the DM-OFDM-IM transmitter.

size of inverse fast Fourier transform (IFFT). In contrast to
the existing OFDM-IM, whereby only part of the subcarriers
are actively modulated, in the DM-OFDM-IM scheme all the
subcarriers are modulated in each block, which leads to spec-
tral efficiency enhancement. That is, k out of n subcarriers are
modulated byMA-ary modulation from the first constellation
MA and the remaining n − k subcarriers are modulated by
MB-ary modulation from the second constellation MB in
each block. We denote the constellation pair as (MA,MB).
Clearly, we have to design the constellation pair (MA,MB)
satisfying MA ∩MB = ∅. Note that the OFDM-IM can be
viewed as the DM-OFDM-IM with MB = {0}. MA and MB
can be different or the same [11]. However, in this paper we
assume

MA = MB = M (2)

which is reasonable in a practical sense. Actually, the previ-
ous work in [11] and [12] also focused on the case of (2).

In particular, we represent the bit stream bg in (1) as

bg = [bg1 b
g
2] (3)

where

bg1 = [bg(1) · · · bg(p1)]

bg2 = [bg(p1 + 1) · · · bg(p1 + p2)] (4)

whose sizes are p1 and p2, respectively and thus p = p1+ p2.
The first bit stream bg1 in (3) is utilized by the index selector
as in Fig. 1. It determines the indices of the subcarriers mod-
ulated byMA in the g-th block. We denote the corresponding
index set as

IgA = {i
g
A,1, · · · , i

g
A,k} (5)

where igA,j ∈ {1, · · · , n} and j = 1, · · · , k . Then, the indices
of the subcarriers modulated by MB in the g-th block is
uniquely determined by IgA . We denote the corresponding
index set as

IgB = {i
g
B,1, · · · , i

g
B,n−k} (6)

where igB,u ∈ {1, · · · , n} and u = 1, · · · , n − k . The number
of possible patterns of IgA is

(n
k

)
and thus p1 is

p1 =
⌊
log2

(
n
k

)⌋
. (7)
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The second bit stream bg2 in (3), whose size is p2 =
n log2M , is represented by n bit substreams with size
log2 M as

bg2 = [bg2,1 b
g
2,2 · · · b

g
2,n] (8)

where

bg2,α= [b
g(p1+(α−1) log2M+1) · · · b

g(p1+α log2M )]

(9)

and α = 1, · · · , n. Then the bit substream bg2,α with size
log2 M can be mapped into a symbol from eitherMA orMB
because of (2).

Considering the subcarrier indices pattern IgA , the g-th
block Xg

= [Xg(1) Xg(2) · · · Xg(n)] can be generated by,
α = 1, · · · , n,

Xg(α) =

{
MA(b

g
2,α) α ∈ IgA

MB(b
g
2,α) α ∈ IgB

(10)

where MA(·) and MB(·) mean the bit-to-symbol mapper
usingMA andMB, respectively. After forming all G blocks,
they are concatenated to generate the DM-OFDM-IM symbol
sequence as

X̄ = [X1 X2
· · · XG]. (11)

Then, it is transformed into the DM-OFDM-IM signal
sequence in time domain by N -point IFFT and transmitted.

At the receiver, the received symbol sequence in frequency
domain for the g-th block is

Yg
= XgHg

+Wg (12)

where Yg
= [Y g(1) Y g(2) · · · Y g(n)] is the received sym-

bol sequence, Hg
= diag([Hg(1) Hg(2) · · · Hg(n)]) is the

n× nmatrix whose diagonal elements are channel frequency
response (CFR), Wg

= [W g(1) W g(2) · · · W g(n)] is the
additive white Gaussian noise (AWGN) for g-th block. Also,
W g(α) ∼ CN (0,N0), α = 1, · · · , n. Note that the perfor-
mance within different blocks are identical and it is sufficient
to investigate a single block to determine the overall system
performance [8].

The optimal ML detector for the g-th group is

X̂g
= argmin

Xg
‖Yg
− XgHg

‖2 (13)

where Xg is the possible realizations formed by (10) with
possible IgA . Clearly, the number of possible realizations of
Xg is 2p1Mn. From X̂g

= [X̂g(1) X̂g(2) · · · X̂g(n)], ÎgA is
determined. Then, b̂g1 is easily obtained from ÎgA and b̂g2 can
be obtained by, α = 1, · · · , n,

b̂g2,α =

{
M−1

A (X̂g(α)) α ∈ ÎgA
M−1

B (X̂g(α)) α ∈ ÎgB.
(14)

It can be seen from (13) that the computational complex-
ity of the ML detector in terms of complex multiplications
is O(2p1Mn). Therefore, the ML detector is impractical to
implement for large p1, n, and modulation order M , due

to its exponentially increasing complexity. In [13], a low
complexity ML detector is proposed and it requires complex
multiplications on the order ofO(2nM ), which can be imple-
mented practically. Therefore, we use this low complexity
ML detector in simulations.

FIGURE 2. The conventional constellation pair MConv,4
A (constellation A)

and MConv,4
B (constellation B) when M = 4.

FIGURE 3. The conventional constellation pair MConv,16
A

(constellation A) and MConv,16
B (constellation B) when M = 16.

B. THE CONVENTIONAL SIGNAL CONSTELLATION PAIR
In [11] and [12], the two constellation pairs for M = 4 and
M = 16 are proposed based on the classical constellations,
quadrature phase shift keying (QPSK) and 16 quadrature
amplitude modulation (16QAM), respectively. Specifically,
for M = 4, MConv,4

A = {±1 ± j} and MConv,4
B = {−(1 +

√
3),−(1+

√
3)j, (1+

√
3), (1+

√
3)j}. Also, the conventional

constellation pair for M = 16 is MConv,16
A = {±1 ±

j,±1 ± 3j,±3 ± j,±3 ± 3j} and MConv,16
B = {−3 ±

5j,−1 ± 5j,+1 ± 5j,+3 ± 5j,±5 − 3j,±5 − 1j,±5 +
1j,±5+3j}. Figs. 2 and 3 show the two conventional constel-
lation pairs (MConv,4

A ,MConv,4
B ) and (MConv,16

A ,MConv,16
B ),

respectively.
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III. THE PROPOSED SIGNAL CONSTELLATION PAIR AND
BIT MAPPING FOR DM-OFDM-IM
Without loss of generality, we omit the group index g for
convenience hereafter. As we mentioned, it is sufficient to
investigate a single block to determine the overall system
performance. Then, the conditional ABEP in a single block
of the DM-OFDM-IM can be evaluated by

Pb(H) '
1
pnX

∑
X

∑
X̂

Pr
(
X→ X̂|H

)
e(X, X̂) (15)

where nX is the number of the possible realizations of X,
Pr
(
X→ X̂|H

)
is the conditional pairwise error probabil-

ity (PEP), and e(X, X̂) represents the number of bit errors for
the corresponding pairwise error event.

The shape of the constellation pair changes the values of
Pr
(
X→ X̂|H

)
and the bit mapping in the constellation pair

changes the values of e(X, X̂) in (15), but the values of p and
nX are independent from the constellation pair. Therefore,
the optimal constellation pair, which minimizes the objective
function in (15), can be obtained by jointly considering both
Pr
(
X→ X̂|H

)
and e(X, X̂) of possible constellation pairs,

which is too complex to solve. Therefore, we will obtain
a suboptimal constellation pair and its bit mapping through
sequential three steps.

A. STEP 1: DESIGN THE CONSTELLATION PAIR
BASED ON PEP
In this subsection, we first design the shape of the constella-
tion pair based on only the conditional PEP term in (15). The
well-known conditional PEP expression for the model in (12)
is given in [16] as

Pr
(
X→ X̂|H

)
= Q

(
δ
√
2N0

)
= Q

(
δ
√
SNR
√
2Eb

)
(16)

where δ = ‖XH−X̂H‖2, SNR = Eb/N0, and Eb is the energy
per bit value. It is clear that in (16), for a fixed SNR, δ/

√
Eb

is the metric determining the conditional PEP.
In DM-OFDM-IM (or OFDM-IM), the error event can be

classified into two types. One is the symbol demodulation
error, where the modulated symbols are erroneously esti-
mated when IA is correctly estimated. The other type is the
index demodulation error, where IA is erroneously estimated.
Clearly, the index demodulation error affects not only errors
in b1 but also errors in b2, which is error propagation. Since
the worst case pairwise error event dominates the system
performance, let us consider the worst case scenario for each
error type.

First, the value of δ in the worst case of the symbol demod-
ulation error, denoted as δ1, becomes

δ1 = min
(

min
sA 6=ŝA,sA,ŝA∈MA

|H (α0)||sA − ŝA|,

min
sB 6=ŝB,sB,ŝB∈MB

|H (α1)||sB − ŝB|
)

(17)

where α0 6= α1 and α0, α1 = 1, · · · , n. Since |H (α0)|
and |H (α1)| have the same distribution, the desirable design
criterion is

min
sA 6=ŝA,sA,ŝA∈MA

|sA − ŝA| = min
sB 6=ŝB,sB,ŝB∈MB

|sB − ŝB| (18)

which means the typical criterion that the minimum
Euclidean distances of two distinct signal points in constella-
tions MA and MB have to be the same.
Second, the value of δ in the worst case of the index

demodulation error, denoted as δ2, becomes

δ2 = min
sA∈MA,sB∈MB

√
|H (α0)|2 + |H (α1)|2|sA − sB|. (19)

Therefore, minsA∈MA,sB∈MB |sA− sB| has to be large if Eb is
fixed. It can be seen that the diversity order of this error event
is two.

Let us investigate the values of δ1 and δ2 of the conven-
tional constellation pair. In Figs. 2 and 3, it is easily seen that

δConv1 = 2|H (α0)|

δConv2 = 2
√
|H (α0)|2 + |H (α1)|2 (20)

for both modulation orders M = 4 and M = 16. Also,
the energy per bit values in Figs. 2 and 3 areEConv,4

b ' 1.8928
and EConv,16

b ' 4.444, respectively.
Based on the PEP analysis, we propose the constellations

for M = 4 as

MProp1,4
A =MConv,4

A ⊕ (0.5+ 0.5j)

MProp1,4
B =MConv,4

A ⊕ (−0.5− 0.5j) (21)

where ⊕ is the element-wise addition. For M = 16, we pro-
pose the constellations as

MProp1,16
A =MConv,16

A ⊕ (0.5+ 0.5j)

MProp1,16
B =MConv,16

A ⊕ (−0.5− 0.5j). (22)

Figs. 4 and 5 show the proposed constellation pair
(MProp1,4

A ,MProp1,4
B ) and (MProp1,16

A ,MProp1,16
B ), respec-

tively. The reason for the bit mapping structure in Figs. 4 and
5 will be presented in the next subsection. Here we focus on
the values of δ1 and δ2. In Figs. 4 and 5, it is seen that

δ
Prop1
1 = 2|H (α0)|

δ
Prop1
2 =

√
2
√
|H (α0)|2 + |H (α1)|2 (23)

for both modulation orders M = 4 and M = 16. The
energy per bit values in Figs. 4 and 5 are EProp1,4

b = 1 and
EProp1,16
b ' 2.3333, respectively.
Then, compared to the conventional constellation pair,

we have

δConv1√
EConv,4
b

<
δ
Prop1
1√
EProp1,4
b

δConv1√
EConv,16
b

<
δ
Prop1
1√

EProp1,16
b

(24)
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FIGURE 4. The proposed constellation pair MProp1,4
A (constellation A)

and MProp1,4
B (constellation B) when M = 4.

FIGURE 5. The proposed constellation pair MProp1,16
A (constellation A)

and MProp1,16
B (constellation B) when M = 16.

which means the proposed constellation pair gives lower
conditional PEP values for the symbol demodulation error
type, and

δConv2√
EConv,4
b

'
δ
Prop1
2√
EProp1,4
b

δConv2√
EConv,16
b

'
δ
Prop1
2√

EProp1,16
b

(25)

which means the proposed constellation pair gives similar
conditional PEP values for the index demodulation error type.
Since the symbol demodulation error dominates the system
performance in the high SNR regime because of its single
diversity order [8], the proposed constellation pair can give
better symbol error performance in the high SNR regime than
that of the conventional constellation pair.

It is remarked that the proposed constellation pair has the
same values of δ1 and δ2 as those of the OFDM-IM, where
classical QPSK or 16QAM is used for active subcarriers in
the OFDM-IM system.

B. STEP 2: PROPOSED BIT MAPPING STRUCTURE
Here, we will explain the reason for using the bit mapping
structure in Figs. 4 and 5. First, a simple example is given to
have an insight on DM-OFDM-IM. Let us consider the case
n = 4, k = 2, and M = 16. Also, we assume the following
situations;

IA = {1, 3}

b1 = [10]

b2 = [1011 0000 1111 0111]. (26)

Then, (10) gives us

X = [MA(1011) MB(0000) MA(1111) MB(0111)]. (27)

We assume that the subcarrier indices pattern is erroneously
detected at the receiver as

ÎA = {1, 2}. (28)

For convenience, we also assume that there is no symbol
demodulation error. Then, from (14), we have

b̂2 = [1011 M−1
A (MB(0000))M−1

B (MA(1111)) 0111].

(29)

From the above example, to mitigate the error propagation
due to the index demodulation error event, the bit difference
between the input bit stream and the output bit stream of
M−1

B (MA(·)) or M−1
A (MB(·)) has to be small. Also, it is

desirable that the symbols in each constellation are mapped to
the bits using Gray mapping in order to cope with the symbol
demodulation error events occurring in each constellation.
To satisfy the two requirements, we propose using the same
Gray mapping structure as in Figs. 4 and 5. Note that the
bit mapping in the conventional constellation pair in Figs. 2
and 3 is designed in a similar way for a fair comparison in
simulations even though the previous work in [11] contains
no mention of bit mapping.

C. STEP 3: FURTHER OPTIMIZATION BASED ON ABEP
In this subsection, we further optimize the shape of the pro-
posed constellation pairs in Figs. 4 and 5 by jointly consider-
ing the values of Pr

(
X→ X̂|H

)
and e(X, X̂) in (15).

Let us consider the case of M = 4 first with a sim-
ple example of index demodulation error events. If we use
(MProp1,4

A ,MProp1,4
B ) in Fig. 4, the error events having the

same Pr
(
X→ X̂|H

)
incurs the different numbers of bit

errors. For example, one case with

X = [(1.5+ 1.5j) (0.5+ 0.5j) (1.5+ 1.5j) (0.5+ 0.5j)]

X̂ = [(1.5+ 1.5j) (1.5+ 1.5j) (0.5+ 0.5j) (0.5+ 0.5j)]

(30)

VOLUME 7, 2019 52577



K.-H. Kim, H. Park: New Design of Constellation and Bit Mapping for Dual Mode OFDM-IM

and the other case with

X = [(−0.5− 0.5j) (0.5+ 0.5j) (−0.5− 0.5j) (0.5+ 0.5j)]

X̂ = [(−0.5− 0.5j) (−0.5− 0.5j) (0.5+ 0.5j) (0.5+ 0.5j)]

(31)

have the same δ and thus the same value of Pr
(
X→ X̂|H

)
,

but the former gives zero bit errors and the latter gives four bit
errors when we only consider the bit errors in b2. (They have
the same number of bit errors in b1 because the differences
of subcarrier indices pattern between X and X̂ for two cases
are the same.) Intuitionally, it is undesirable characteristic for
minimizing ABEP in (15). Therefore, it is desirable to modify
the shape of the constellation pair in order that the error event
having the larger value of Pr

(
X→ X̂|H

)
incurs the smaller

number of bit errors and vice versa.
We simply modify the proposed constellation pair in Fig. 4

by making two constellations come closer to each other.
By doing this, the symbols from two constellations having the
same bit representation can come closer to each other while
the symbols having the much different bit representations can
be apart from each other. Since it is hard to theoretically deter-
mine how close two constellations are, we performedmassive
simulations and obtained the further optimized constellation
pair for M = 4 as

MProp2,4
A =MConv,4

A ⊕ (0.3+ 0.3j)

MProp2,4
B =MConv,4

A ⊕ (−0.3− 0.3j) (32)

which are depicted in Fig. 6.

FIGURE 6. The further optimized proposed constellation pair MProp2,4
A

(constellation A) and MProp2,4
B (constellation B) when M = 4.

By using (MProp2,4
A ,MProp2,4

B ) in Fig. 6, the bit error
performance due to symbol demodulation error events can
be clearly enhanced. It is remarked that the shape of each
signal constellation in (MProp2,4

A ,MProp2,4
B ) in Fig. 6 is the

same as each signal constellation in (MProp1,4
A ,MProp1,4

B )
in Fig. 4, which means δ in (16) and e(X, X̂) corresponding

to all symbol demodulation error events remain the same.
However, Eb in (16) is decreased by this modification. The
energy per bit value in Fig. 6 is EProp2,4

b ' 0.872. Therefore,
we expect, in the high SNR regime, the further optimized
constellation pair (MProp2,4

A ,MProp2,4
B ) gives the better BER

performance than (MProp1,4
A ,MProp1,4

B ) without the further
optimization.

For M = 16, we obtained the further optimized proposed
constellation pair by simulations as

MProp2,16
A =MConv,16

A ⊕ (0.3+ 0.3j)

MProp2,16
B =MConv,16

A ⊕ (−0.3− 0.3j) (33)

and they are depicted in Fig. 7. The energy per bit value
in Fig. 7 is EProp2,16

b ' 2.2622 and the same analysis as the
case of M = 4 can be applied.

FIGURE 7. The further optimized proposed constellation pair MProp2,16
A

(constellation A) and MProp2,16
B (constellation B) when M = 16.

IV. SIMULATION RESULTS
To evaluate the benefit of the proposed constellation pair,
we simulate DM-OFDM-IM systems over a Rayleigh fre-
quency selective fading channel, where we use Hg(α) ∼
CN (0, 1) for all g’s andα’s. In simulations of DM-OFDM-IM
systems, we use N = 128, n = 4, and k = 2. Based
on the results in [14], the subcarrier indices patterns IA ∈
{{1, 2}, {3, 4}, {1, 3}, {2, 4}} are used, which correspond to
the bit streams b1 ∈ {00, 11, 10, 01} and thus p1 = 2.
The low complexity ML detection in [13] is used in all
simulations. In figures, signal-to-noise ratio (SNR) means
Eb/N0. Also, we assume the perfect channel estimation at the
receiver.

Fig. 8 shows the BER performances of the DM-OFDM-IM
systems withM = 4 and OFDM-IM as benchmark. The leg-
end means the follows; Conv. constellation, Prop. constella-
tion 1, and Prop. constellation 2 denote DM-OFDM-IM with
(MConv,4

A ,MConv,4
B ), (MProp1,4

A ,MProp1,4
B ), and (MProp2,4

A ,

MProp2,4
B ), respectively. Also, OFDM-IM denotes the
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FIGURE 8. The BER performance comparison of DM-OFDM-IM when
M = 4 and OFDM-IM. The Convolution. constellation means
DM-OFDM-IM with (MConv,4

A ,MConv,4
B ). The Prop. constellation 1 and

2 mean DM-OFDM-IM with (MProp1,4
A ,MProp1,4

B ) and

(MProp2,4
A ,MProp2,4

B ), respectively.

FIGURE 9. The BER performance comparison of DM-OFDM-IM when
M = 16 and OFDM. The Conv. constellation means DM-OFDM-IM with
(MConv,16

A ,MConv,16
B ). The Prop. constellation 1 and 2 mean

DM-OFDM-IM with (MProp1,16
A ,MProp1,16

B ) and

(MProp2,16
A ,MProp2,16

B ), respectively.

OFDM-IM system in [8], where N = 128, n = 4, and
k = 2 are used and two active subcarriers are modulated
by 16QAM. Note that the OFDM-IM has the same spectral
efficiency as the DM-OFDM-IM cases with 2.5 bits/s/Hz.
It is shown that two proposed constellation pairs give better
BER performance than the conventional constellation pair in
the high SNR regime as we expected. Also, DM-OFDM-IM
with (MProp2,4

A ,MProp2,4
B ) gives the best BER performance

because it is further optimized by Step 3 based on ABEP.
Fig. 9 shows the BER performances of the DM-OFDM-IM

systems with M = 16 and classical OFDM as bench-
mark. The legend means the follows; Conv. constellation,

Prop. constellation 1, and Prop. constellation 2 denote
DM-OFDM-IM with (MConv,16

A ,MConv,16
B ), (MProp1,16

A ,

MProp1,16
B ), and (MProp2,16

A ,MProp2,16
B ), respectively. Also,

OFDM denotes the classical OFDM system, where the num-
ber of subcarriers is 128 and all subcarriers are modulated
by 16QAM. Note that the DM-OFDM-IM systems have the
spectral efficiency 4.5 bits/s/Hz and the classical OFDM has
the spectral efficiency 4 bits/s/Hz.

In Fig. 9, it is shown that the two proposed constella-
tion pairs give better BER performance than the conven-
tional constellation pair in the high SNR regime as we
expected. Also, DM-OFDM-IMwith (MProp2,16

A ,MProp2,16
B )

gives the best BER performance, but the benefit of the
further optimization in Step 3 is small, different from the
case of M = 4. This is because the benefit mainly comes
from the reduced Eb as we mentioned in Subsection III-C,
but the reduction of Eb is small for M = 16. (We have
EProp1,4
b /EProp2,4

b = 0.595 dB and EProp1,16
b /EProp2,16

b =

0.134 dB.) Also, the DM-OFDM-IM system with the pro-
posed constellation pair gives better BER performance than
the classical OFDM system in the high SNR regime even
though the DM-OFDM-IM has the higher spectral efficiency.

V. CONCLUSIONS
In this paper, the well-designed constellation pair with the
good bit mapping structure for DM-OFDM-IM is proposed
based on theABEP analysis. Since it is hard to obtain the opti-
mal constellation pair minimizing the ABEP, the suboptimal
constellation pair is proposed through the sequential three
steps. The simulation results show that using the proposed
constellation pair substantially enhances the BER perfor-
mance of the DM-OFDM-IM system compared to using the
conventional constellation pair.
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