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a b s t r a c t

With the integration of the index modulation concept, the popular OFDM has gained an appealing new
dimension. However, OFDM with index modulation (OFDM-IM) causes a decrease in data rate for higher
ordermodulations due to its unused subcarriers. Recently, dual-modeOFDMwith indexmodulation (DM-
OFDM-IM) has been proposed to prevent this decrease in data rate. The spectral efficiency (SE) of both
techniques depends on the selection of different parameters, such as modulation types and number of
active subcarriers. However, the quality of the wireless channel has not been taken into account yet to
increase the data rate. In this paper, we propose a new adaptive DM-OFDM-IM (A-DM-OFDM-IM) system
to enhance the bit error probability (BER) performance considering the channel conditions and obtain a
substantial increase in SE. Unlike the previous DM-OFDM-IM and the classical OFDM-IM schemes, our
proposed system enables the use of different types of modulations for different subblocks in one OFDM
signal. We demonstrate that the SE of the proposed system is comparable with that of its OFDM-IM and
DM-OFDM-IM counterpart under frequency selective Rayleigh channels.Moreover, computer simulations
corroborate that the derived theoretical results are considerably accurate for the SE of A-DM-OFDM-IM
systems.

© 2018 Published by Elsevier B.V.

1. Introduction

OFDM has been widely used in several different wireless sys-
tems, such as Long Term Evolution (LTE) and Mobile Worldwide
Interoperability Microwave Systems (WiMAX), and has become
the most popular waveform in the past decade. One of the main
advantages of OFDM systems is the conversion of frequency se-
lective channels into frequency flat channels. Since each of the
available subcarriers experiences flat fading, one-tap equalizer is
enough for compensating the channel effect. Another important
property of OFDM is its easy implementation owing to FFT/IFFT
operations. In addition to having excellent properties, OFDM has
also some drawbacks, such as high peak to average power ratio
(PAPR), high out-of-band emission, etc. Nonetheless, OFDM is one
of the strongest candidates for being used in the next-generation
wireless communication systems as well due its appealing advan-
tages and backward compatibility. Consequently, researchers have
investigated numerous modifications to OFDM systems in order to
enhance its spectral efficiency (SE).
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Due to the disadvantages of OFDM, several new potential wave-
forms have been proposed for next-generation wireless communi-
cation systems, such as filter bankmulticarrier (FBMC), generalized
frequency division multiplexing (GFDM) and filtered OFDM (f-
OFDM) etc [1,2]. However, the performance improvement pro-
vided by these techniques is relatively limited beside the com-
putational complexity they bring, and therefore, operators are
still eager to continue using OFDM for next-generation wireless
communication systems [2].

Multiple-input multiple-output (MIMO) technology has been
integrated to OFDM in LTE systems, thereby the SE increases with
the number of antennas used in transmitter (Tx) and receiver (Rx)
sides. As an emerging MIMO solution, spatial modulation (SM)
has been proposed in [3] and a part of data bits is transmitted by
selecting the indices of the active transmit antennas. In SM system,
SE is increased by the base-two logarithm of the total number of
transmit antennas compared to classical systems employing signal
constellations such as M-ary phase shift keying (M-PSK) or M-
ary quadrature amplitude modulation (M-QAM). Recently, Basar
et al. introduced a novel OFDM system, namely OFDM with index
modulation (OFDM-IM), which is one of the promising techniques
to increase SE without any degradation in bit error rate (BER)
performance [4]. This scheme uses not only OFDM subcarriers, but
also the positions of these subcarriers for data transmission. As a
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result, this technique can be thought of as a combination of SM
and OFDM systems. According to this technique, the overall OFDM
block is divided into certain number of subblocks. There are n
available subcarriers in each subblock; however only k out of these
n subcarriers are active, and the others are left empty (not used).
Active subcarriers of each group are chosen by different mapping
techniques, and then, the remaining bits are modulated with the
modulation scheme and resulting data symbols are assigned to the
active subcarriers.

In a short period of time, the OFDM-IM structure has not only
attracted significant attention but also it has been applied to many
areas where OFDM is widely used, such as visible light communi-
cations (VLC) [5,6], and MIMO systems [7–10]. Specifically, OFDM
with generalized indexmodulation is proposed in [11] by applying
a more flexible subcarrier activation procedure. Block interleaving
is considered for OFDM-IM in [12] to improve its error perfor-
mance. To further improve the diversity order of plain OFDM-
IM, coordinate interleaving is introduced in [13]. Similarly, the
authors of [14] proposed a linear constellation precoded OFDM-IM
scheme to obtain additional diversity gains. Furthermore, OFDM-
IM has also triggered to introduction of new IM-aided waveforms
such as generalized frequency division multiplexing with IM [15].
Interested readers are referred to [16] and the references therein
for a review of OFDM-IM systems.

Due to its empty subcarriers, SE of OFDM-IM can be relatively
limited for higher order modulations. Recently, dual-mode OFDM-
IM (DM-OFDM-IM) has been proposed to deal with this problem
in [17]. In contrast to OFDM-IM, all carriers within the entire
subblock are used to transfer data in DM-OFDM-IM. Moreover, un-
like OFDM-IM, two different distinguishable constellations (Cons
A and Cons B) are used. In DM-OFDM-IM, the overall bit block is
divided into data bits and index bits as in OFDM-IM. The basic idea
of DM-OFDM-IM is the utilization of all subcarriers of an OFDM
symbol in order to transmit modulated symbols with two different
constellations. Furthermore, the positions of the data symbols of
each subblock employing different constellations are also used
for data transmission. In other words, the index bits specify the
positions in the OFDM subblock for symbols that are modulated
with Cons A, and the symbols modulated with Cons B are placed
in the remaining positions from Cons A. The Rx of both structures,
can usemaximum likelihood (ML) detector in order to estimate the
transmitted bits.

A generalized DM-OFDM-IM scheme is introduced recently
in [18] to increase the SE of the classical DM-OFDM-IM at the cost
of negligible performance loss compared to that of DM-OFDM-IM
system. Since the number of Cons A symbols and Cons B symbols are
same in the classical DM-OFDM-IM scheme, the length of IM bits is
also equal for each constellation alphabet. By using a variable size
of the selected indices vector (IA), possible realizations of OFDM
subblocks are increased, thus the number of total transmitted bits
and also the computational complexity of theMLdetector increase.
According to the computer simulation results of [18], for a BER
value of 10−3, the SE is increased by 20% compared to classical
DM-OFDM-IM, at the cost of 2 dB BER degradation under a fre-
quency selective Rayleigh channel. Evenmore recently, amultiple-
mode OFDM-IM scheme is proposed in [19] by employingmultiple
distinguishable constellations in each subblock and using the full
permutations of modes to carry IM bits.

In conventional OFDM, the same modulation scheme is em-
ployed on all subchannels. Nevertheless, the effects of channel
are different for each subchannel, thus, the resulting BER is also
different. To increase the overall BER performance of the system,
adaptive modulation has been proposed as an emerging solution.

Adaptive bit loading (or adaptive modulation scheme), is a
technique in which the number of bits (modulation order) carried
on each subcarrier changes according to the SNR of the individ-
ual subcarrier. There are three different bit loading algorithms

that use three different parameters such as BER, SE and transmit
power [20]. The difference among these algorithms is that each
of them tries to optimize one of these parameters under the con-
straints of the other two.

In the literature, there are many studies on adaptive OFDM
systems [21–30]. Czylwik proposed a solution to mitigate the
frequency selective fading effect on the OFDM signal in [22]. This
solution is based on the fact that different modulation schemes
are employed for the individual subcarriers of the OFDM signal
in frequency domain according to SNR value. Thus, when the SNR
value of a subcarrier is low, a low order modulation is applied to it,
whereas when SNR is high, a high ordermodulation, i.e., 256-QAM,
is used. In [23], Piazzo proposed a bit loading algorithm for OFDM
systems. In that study, different modulation modes and transmit
powers are applied toOFDMsubcarriers. Then, Zhou et al. proposed
adaptive modulation for MIMO systems under perfect channel
state information (CSI) and imperfect CSI conditions [24]. Singular
value decomposition (SVD) is applied to the MIMO channel and it
is decomposed into parallel streams. Later, the same authors pro-
posed a nonlinear constrained optimization problem. To increase
average SE (ASE), transmit power and SE at each eigen subchannel
are varied according to the fading channel under average transmit
power and instantaneous BER constraints. For further details on
this topic, the interested readers are referred to [25–28].Moreover,
LTE systems already use adaptivemodulation according to channel
quality indicator (CQI) to determine the modulation order. Thus,
the system can support more data rate when CQI is high.

Adaptive modulation has been proposed for the SM technology
where the parameters of the Tx are dynamically adapted to the
changing channel conditions [29,30]. In [30], Yang et al. proposed
an optimal hybrid-SM technique, which determines the modula-
tion level as well as the active antenna by using a limited feedback
channel in order to improve the performance of classical SM sys-
tems. A similar study [29] is performed by Bouida et al. inwhich the
SE can bemaximized or average BER can be enhanced. The authors
showed a trade-off between SE and average BER. When SE is to
be maximized, according to a feedback channel from the Rx, the
maximummodulationmode that can be usedwith each antenna is
determined, whereas when the average BER is to be improved, the
minimummodulationmode that can be achieved by all antennas is
determined. Then, the Tx uses the samemodulation during a given
time slot.

To the best of our knowledge, there exists no efficient and com-
putationally feasible adaptive structure (according to the channel
variations) in the literature for OFDM-IM based systems in order to
enhance BER and the SE.

In this paper, we propose a novel structure bymerging adaptive
OFDM and dual-mode OFDM with IM structures according to the
channel conditions in order to enhance BER and SE for the DM-
OFDM-IM system.

Themain contributions of the paper are summarized as follows:

• For the first time in the literature, dual-mode OFDM-IM
meets an adaptive structure with the proposed adaptive
OFDM-based system.

• In this scheme, modulation type is determined according to
the average SNR of each OFDM subgroup. Under constant
transmitted power, we propose six threshold set values and
compare the BER performance and SE values without any
optimization process. The transmitter chooses modulation
type according to channel variations by using the limited
feedback knowledge in order to increase SE.

• It has been shown that an interesting trade-off exists be-
tween SE and the average BER. Theoretical SE values are ob-
tained and computer simulations confirm that the derived
theoretical SE values are considerably accurate for the DM-
OFDM-IM systems.
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Table 1
Meaning of parameters and symbols.

Parameters Definition

m Number of information bits for the transmission of each OFDM block
g Number of groups each containing p bits
p Number of bits per group (i.e., p = m/g)
N Number of OFDM subcarriers
NCP Length of cyclic prefix
WN Discrete Fourier transform (DFT) matrix
K Total number of active subcarriers (i.e. K = kg)
n OFDM subblock of length (i.e. n = N/g)
k Number of active subcarriers in each subblock
p1 Total number of bits that are mapped onto the active indices in each

subblock
p2 Total number of bits that are mapped onto theM-ary signal

constellation in each subblock (i.e. p2 = klog2M)
m1 The total number of information bits carried by the positions of the

active indices in the OFDM block
m2 The total number of information bits carried by theM-ary signal

constellation symbols
Iβ Selected indices for subblock β

sβ Modulated symbol for subblock β

ρins,β The average instantaneous received SNR values of subblock β

γ Threshold for modulation selection

• The impact of imperfect feedback channel on the perfor-
mance of the proposed system is considered to model real-
life communication scenarios.

The rest of the paper is organized as follows: Section 2 provides
a brief introduction on OFDM-IM and DM-OFDM-IM schemes.
Then, the proposed scheme is presented in Section 3. Section 4
gives computer simulation results. Finally, we provide our con-
cluding remarks in Section 5.

Notation: Throughout the paper, we use the following notation.
While scalar values are italicized, vectors/matrices are presented
by bold lower/upper case symbols. The transpose and the conju-
gate transpose are denoted by (·)T and (·)H , respectively. ⌊.⌋, E{.}
and C(., .) represent the floor operation, expectation notation, and
Binomial coefficient. Finally, WN is the discrete Fourier transform
(DFT) matrix. Likewise, variables (system parameters), which are
used in the paper, are summarized in Table 1.

2. Preliminaries

In this section, OFDM-IM and DM-OFDM-IM structures are re-
viewed to provide some background information for the proposed
scheme, namely adaptive DM-OFDM-IM. Then, in the next section,
A-DM-OFDM-IM is presented and its performance is compared
with that of OFDM-IM and DM-OFDM-IM in terms of computa-
tional complexity and spectral efficiency.

2.1. OFDM-IM

OFDM-IM is a recently proposed technique, which uses a new
basis for data transmission in addition to the employedmodulation
scheme. It transmits data by using active subcarrier indices and
signal constellations such as M-ary PSK/QAM. This new base is
responsible for the selection of active subcarriers, which carry
data symbols in subblocks of an OFDM signal according to index
selection bits. Thus, a number of subcarriers can be active (carrying
symbols) or inactive in OFDM-IM. The SE (i.e., the total number
of bits to be transmitted in the OFDM signal) can be changed
according to the selection of the number of active subcarriers (k),
the total number of subcarriers (n) in each subblock, and also
the modulation type. The system model of OFDM-IM is given in
Fig. 1 [4].

In Fig. 1, m-length data sequence is divided into g groups, each
containing p = m/g bits. Let us assume that the OFDM symbol
has N subcarriers and these subcarriers are divided into subblocks

Table 2
A look-up table of OFDM-IM scheme for n = 4, k = 2, p1 = 2 [4].

Bits Indices Subblocks

[0, 0] {1,2} [s1, s2, 0, 0]T

[0, 1] {2,3} [0, s1, s2, 0]T

[1, 0] {3,4} [0, 0, s1, s2]T

[1, 1] {1,4} [s1, 0, 0, s2]T

with length n = N/g . Out of n available subcarriers, k of them
are activated according to the index selecting bits and these sub-
carriers are used in for data transmission through ordinary M-ary
modulation. As a result, the total transmitted bits of each subblock
can be calculated as

⌊log2(C(n, k))⌋ + log2(M)k. (1)

The first and second parts of (1) stand for the number of bits that
can be conveyed by active subcarrier indices and the number of
bits that can be transmitted over k active subcarriers, respectively.
Table 2 shows the active subcarrier indices of a subblock according
to information bits. As can be seen from Table 2, if parameters
are chosen as n = 4 and k = 2, the incoming bit sequence
[0, 0] activates the first and the second subcarriers (where s1 and
s2 are two modulated symbols), and these subcarriers transmit
modulated symbols. The others (inactive subcarriers) are not used,
thus their values are equal to 0.

Let xF be the transmitted symbols of the OFDM-IM scheme by
concatenating these g subblocks:

xF = [x(1), x(2), . . . , x(N)]T . (2)

Then, inverse fast Fourier transform (IFFT) is applied to the
signal as in the classical OFDM:

xT =
N

√
K
WH

NxF , (3)

where xT is the time domain OFDM block, WN is the discrete
Fourier transform (DFT) matrix with WH

NWN = NIN , K is the total
number of active subcarriers i.e., K = kg), and N/

√
K term is used

for the normalization E {xHT xT }=N.
After DFT operation, CP is added to prevent inter-symbol in-

terference (ISI) due to channel impulse response (CIR). Then, the
CP added signal is converted from parallel to serial and digital
signal is transformed to an analog one, at the resulting signal is
sent through the channel. The vector of CIR coefficients is given
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Fig. 1. System model of OFDM-IM [4].

as h = [h1, h2,. . .hv]
T , whose elements are circularly symmetric

complexGaussian randomvariableswith 0mean and 1/v variance,
i.e., CN (0, 1/v). The channel is assumed to be constant over an
OFDM symbol block. Thus, the received signal in frequency domain
is expressed as

yf (α) = hF (α)x(α) + wF (α), (4)

where yF (α), hF (α), and wF (α) are the received signals, the chan-
nel fading coefficients and the noise samples in the frequency
domain, whose vector presentations are given as yF , hF and wF ,
respectively. To estimate the data from the received signal, ML
detector can be used in Rx for each OFDM-IM subblock. Owing to
CIR knowledge, in order to estimate the active indices (Îβ ) and the
modulated symbols (ŝβ ) in each subblock together, the minimum
Euclidean distance between the received signal and the corrupted-
transmitted signal is aimed to be obtained. Then, an estimate of the
active indices and data symbols are obtained as follows:(
Îβ , ŝβ

)
= argmin

Iβ ,sβ

k∑
γ=1

⏐⏐yβ

F (iβ,γ ) − hβ

F (iβ,γ )sβ (γ )
⏐⏐2 (5)

where iβ,γ , y
β

f (iβ,k) and hβ

f (iβ,k) denote the indices corresponding
to active indices set of Iβ = {iβ,1, . . . , iβ,k}, the received signals
and the corresponding fading coefficients for the subblock β , re-
spectively. sβ represents the vector of modulated symbols from
constellation alphabets.

2.2. Dual-mode OFDM-IM

The unused subcarriers reduce the SE of OFDM-IM inevitably.
Recently, DM-OFDM-IM is proposed to increase the SE of OFDM-
IM by utilizing the unused subcarriers [17]. However, the total
transmitted power is also increased, because all subcarriers are
active in DM-OFDM-IM unlike OFDM-IM. The only difference be-
tween the block diagramofOFDM-IMandDM-OFDM-IM is that the
mapper block in Fig. 1 is modified as shown in Fig. 2. The incoming
p2 bits are divided into two parts each having p2/2 bits. Then,
each block is modulated with the selected modulation with two
different constellations, namely Cons A and Cons B. Table 3 shows
a look-up table for DM-OFDM-IM and shows the modulation type
of a subcarrier according to the index bits [17]. For example, when
index bits are [0, 0], Cons A is used for the first two subcarriers,
and then the others are modulated by Cons B in the corresponding
subblocks. As it can be seen from Table 3, it is very similar to

Fig. 2. Comparison ofmapping principles forOFDM-IMandDM-OFDM-IM schemes.

Table 3
A look-up table of DM-OFDM-IM scheme for n = 4, k = 2, and p1 = 2 [17].

Bits Indices Subblocks

[0, 0] {1,2} [s1,A, s2,A, s1,B, s2,B]T

[0, 1] {2,3} [s1,B, s1,A, s2,A, s2,B]T

[1, 0] {3,4} [s1,B, s2,B, s1,A, s2,A]T

[1, 1] {1,4} [s1,A, s1,B, s2,B, s2,A]T

Table 2, and themain difference is the utilization of a second signal
constellation instead of the zeros in the subblocks.

First, as in OFDM-IM, m-length data sequence is split into g
groups each group containing pbits. Then, in each group, p1 of pbits
are transferred to the index selector, and the remaining p2 = p−p1
bits are reserved to obtain the modulated symbols. Let us assume
that k and (n−k) subcarriers of a subblock aremodulatedwith Cons
A and Cons B, respectively. The number of IM bits is calculated as

p1 = ⌊log2C(n, k)⌋, (6)

where n and k represent the number of subcarriers of each group
and number of symbols that are modulated with Cons A, respec-
tively. The number of ordinary modulated bits is calculated as

p2 = klog2(MA) + (n − k)log2(MB), (7)

where MA and MB are the modulation orders of Cons A and Cons B,
respectively. Consequently, the total number of bits of each group
can be calculated as p = p1 + p2.

After index bits and symbols are obtained, OFDM signal is gen-
erated by using N-point IFFT. Then, CP is added to the OFDM signal
to prevent ISI due to channel effect. To determine the difference
between constellations A and B in Rx side, different power levels
are used.
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Fig. 3. The system model of the proposed A-DM-OFDM-IM system.

The SE of DM-OFDM-IM is calculated as:

η =
(p1 + p2)g
(N + NCP )

, (8)

where N and NCP are the IFFT size and length of CP, respectively.
For example, if we choose system parameters as n = 4, k = 2,

N = 128 and NCP = 16 and QPSK modulation is employed, i.e.,
MA = MB = 4, the SE is obtained as 2.22 bit/s/Hz.

3. Systemmodel

3.1. The proposed scheme

The proposed A-DM-OFDM-IM system can be considered as a
combination of adaptive modulation and DM-OFDM-IM. Unlike
DM-OFDM-IM, the modulation order, which depends on the in-
stantaneous received SNR, can be changed flexibly for each sub-
block. As a result, the proposed system enables the increase of the
SE and also the BER performance when the instantaneous received
SNR is high enough. As in DM-OFDM-IM, the same modulation is
used in each subblockwith two different constellations (Cons A and
Cons B) in the proposed scheme.

Our systemmodel is given in Fig. 3. First, we split the incoming
m bits into subblockswith p length. For each subblock,wehave two
components, i.e., the index selector and the adaptive mapper. The
first p1 bits are used to determine the positions of the modulated
symbols with Cons A. The adaptive mapper block, which is given
in Fig. 4, is responsible for the construction of the symbols from p2
bits according to the selected modulation type with two different
constellation alphabets (schemes), i.e., Cons A and Cons B. The new
adaptive mapper block includes modulation order selection block
unlike DM-OFDM-IM.

Modulation type selection,whichdepends on the instantaneous
received SNR of the channel, is the key point of our scheme and
it is performed in the mapper block by using a limited feedback
channel information. This limited feedback information includes
the average instantaneous received SNR values of each subblock
and the AWGN noise power. Then, indices set Iβ and data symbols
vector s are sent to OFDMblock creator andN-point IFFT is applied.
At last, CP is added to the OFDM signal and the resulting signal
is converted from parallel to serial, and then, is transformed from
digital to analog.

Fig. 5 illustrates constellations of the considered modulation
schemes, and also Gray coding schemes for QPSK and 16-QAM. To

Fig. 4. The adaptive mapper block of the proposed algorithm.

determine the difference between constellations A and B in Rx side,
different power levels are used. These constellation diagrams are
same which are used in DM-OFDM-IM, the only difference is all
constellation alphabets (Cons A and Cons B) for each modulation
are normalized to have unit average energy.

Wedefine the SNRasρ = Es/N0 where Es andN0 are the average
transmitted energy per symbol and the noise variance in the time
domain, respectively. Also, the instantaneous received SNR of each
subcarrier is defined as ρins(α) = |hF (α)|2Es/N0, where hF (α) is the
frequency-domain channel coefficient for subcarrier α.

If we use the same modulation order for all subblocks in one
OFDM symbol, each subblock shows different BER performance.
However, if we can choose the suitable modulation type for each
subblock according to the ρins,β value, BER performance can be
enhanced. Also, higher order modulation can be used where sub-
blocks are exposed to low-level fading compared to high-level one,
to improve the SE. Thus, modulation type is determined adaptively
by comparing these values with set of threshold values. These
threshold set values can be chosen with a deterministic way.

At Rx, we split the frequency response of the channel into g
subblocks and calculate the average instantaneous received SNR
(ρins,β ) value for n samples of each group (subblock). Then, by
using the limited feedback channel, this information is sent to
Tx. At Tx, the adaptive mapper block determines the modulation
scheme, which is applied for each group, by comparing the average
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Fig. 5. Normalized constellation alphabets with Gray coding of the A-DM-OFDM-IM.

Table 4
Different threshold set values considering in the paper for modulation order selection.

Cases BPSK QPSK 16-QAM

Case 1 {γ1 = 18 dB, γ2 = 10 dB} ρins,β < 10 dB 10 ≤ ρins,β < 18 dB ρins,β ≥ 18 dB
Case 2 {γ1 = 24 dB, γ2 = 10 dB} ρins,β < 10 dB 10 ≤ ρins,β < 24 dB ρins,β ≥ 24 dB
Case 3 {γ1 = 24 dB, γ2 = 15 dB} ρins,β < 15 dB 15 ≤ ρins,β < 24 dB ρins,β ≥ 24 dB
Case 4 {γ1 = 30 dB, γ2 = 10 dB} ρins,β < 10 dB 10 ≤ ρins,β < 30 dB ρins,β ≥ 30 dB
Case 5 {γ1 = 30 dB, γ2 = 15 dB} ρins,β < 15 dB 15 ≤ ρins,β < 30 dB ρins,β ≥ 30 dB
Case 6 {γ1 = 30 dB, γ2 = 20 dB} ρins,β < 20 dB 20 ≤ ρins,β < 30 dB ρins,β ≥ 30 dB

instantaneous SNR value of the group (ρins,β ) with the predefined
threshold values. For example, assume that there are two threshold
values γ1 and γ2 where γ1 > γ2. If the average instantaneous
received SNR of the group β (ρins,β ) is greater than threshold γ1,
i.e., ρins,β > γ1, 16-QAM is used for modulation. In other case, if
ρins,β < γ2, BPSK modulation is used for the group β . For γ2 <

ρins,β < γ1, QPSK modulation is chosen. Once the modulation
type is determined, two different constellations for the selected
modulation are applied to the subgroup according to IM bits. The
modulation types and threshold values can be chosen in different
ways. In this paper, we assume that we have six threshold set
values, i.e., [γ1, γ2]. Our different threshold set values, which are
chosen empirically, used formodulation order selection are shown
in Table 4.

3.2. SE of the proposed scheme

In the proposed scheme, SE value η is a random variable (RV)
due to the random channel response. Its minimum and maximum
values for n = 4, k = 2, N = 128, and NCP = 16 are given as
ηmin = (2 + 4) × 32/(128 + 16) = 1.33 bit/s/Hz and ηmax =

(2+16)×32/(128+16) = 4 bit/s/Hz. Theηmax can only be achieved
if all subcarriers aremodulatedwith 16-QAM. This can be achieved
if the average instantaneous received SNR values of all groups are
greater than γ1.

To calculate the average SE, we obtain CDF of the instanta-
neous received SNR. Since the channel coefficients are Rayleigh
distributed, the received SNR is a χ2-distributed random variable.
The PDF of ρins,β , or ρ shortly, is then given as in [31-(2.1.128)] by

fρ(ρ) =
ρ

σ 2 e
−ρ2

2σ2 (9)

where σ is the variance of AWGN. Also, its CDF is given as in [31-
(2.1.128)] by

Fρ(ρ) = 1 − e
−ρ2

2σ2 , ρ ≥ 0. (10)

Then, by using a threshold set values [γ1, γ2], the probability of
usage of each modulation set at a specific SNR can be found as:

yi = Pr[γi ≤ ρins ≤ γi+1] = Fρ(γi+1) − Fρ(γi). (11)

The average SE can be calculated by using (11) :

η = g

(
p1 +

∑L
i=1 miyi

N + NCP

)
(12)

where p1, g and L represent the index bits, the number of subblocks
and the number of the differentmodulation types.mi and yi denote
number of transmitted bits by the selected modulation type and
the probability of usage of the selected modulation type, respec-
tively.

3.3. Computational complexity analysis of the proposed scheme

In the proposed system model, since the channel is perfectly
known at Rx side, the modulation of each subblock is also known.
For this reason, Rx should estimate the indices bits and symbols by
usingML decoding as in (5) similar to DM-OFDM-IM system. How-
ever, the computational complexity increases for the proposed
scheme compared to DM-OFDM-IM because one OFDM symbol
can include many modulation types. One more important fact
is that the computational complexity of our proposed system is
lower or equal to that of the DM-OFDM-IM system while using
the highestmodulation level. If the average received instantaneous
SNR of β subblock (ρins,β ) is higher than γ1, 16-QAM is selected
for this subblock. Because ML detector searches 262144 possible
realizations for 16-QAM, the computation time becomes relatively
high. A similar case can be occurred when the threshold set value
is selected as low. Unlike the previous one, if the received instanta-
neous SNR of β subblock (ρins,β ) is lower than γ2 (ρins,β can be low
or γ2 can be selected as low), BPSK modulation type is selected for
this group and the ML detector tries to find the minimum decision
metrics by searching only 64 possible subblock realizations for
BPSK.
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Table 5
The number of possible realization in ML Computing for three different schemes
for n = 4, k = 2 and p1 = 2.

BPSK mod. QPSK mod. 16-QAMmod.

OFDM-IM 16 64 4096
DM-OFDM-IM 64 1024 262144
The proposed scheme 4×(y124+y244+y3164)

y1+y2+y3

Fig. 6. Number of ML detector computation vs. Es/N0 for different threshold set
values and different schemes.

As a conclusion, if the majority of the groups are modulated by
BPSK modulation, the computation time will decrease, otherwise
the computation time will increase as the usage percentage of
16-QAM increases. In other words, when the modulation order
increases, the computation time will increase considerably.

Let c = 2p1 denotes the number of possible realizations of
the selected active indices. While the computational complexity
of the ML detector for OFDM-IM is ∼ O(cMk), the computational
complexity of ML detector for DM-OFDM-IM is ∼ O(cM2k) (or
∼ O(cMn)).

Example. Assume that the parameters n and k are chosen as 4 and
2, respectively. For BPSK modulation, there are two possible sym-
bols and four different positions for each symbol in each subblocks.
Thus, 16 possible (symbol state) realizations should be checked in
(5) to jointly estimate symbol and indices bits in OFDM-IM. The
ML solution can be found by minimizing (5). In DM-OFDM-IM, for
the same parameters, the number of possible subblock realizations
(24

× 4 = 64) is four times higher than that of OFDM-IM due
to two different constellation alphabets (schemes). We calculate
the computational complexity for OFDM-IM, DM-OFDM-IM and
the proposed system for these parameters as shown in Table 5. In
this table, yi denotes the probability of usage of each modulation
type (set). Moreover, in our simulations, ML detector should check
4×(y124+y244+y3164)

y1+y2+y3
possible realizations.

Fig. 6 shows the number of computations of ML detector with
respect to Es/N0 dB for different threshold set values and different
schemes. As modulation order increases, the number of possible
realizations, which ML detector has to calculate, also increases.
As can be seen from Fig. 6, in DM-OFDM-IM with 16-QAM, ML
detector requires the calculation of the highest number of possible
realizations. Our proposed scheme converges this number when
Es/N0 dB is greater than threshold set because of 16-QAM usage.

Table 6
Spectral efficiency for different schemes with different modulation type.

Cases SE (bit/s/Hz)

OFDM-IM BPSK, n = 4, k = 2 0.89
OFDM-IM QPSK, n = 4, k = 2 1.33
OFDM-IM 16-QAM, n = 4, k = 2 2.22
DM-OFDM-IM BPSK, n = 4, k = 2 1.33
DM-OFDM-IM QPSK, n = 4, k = 2 2.22
DM-OFDM-IM 16-QAM, n = 4, k = 2 4
A-DM-OFDM-IM, n = 4, k = 2 1.33 ≤ η ≤ 4

Moreover, when the lowest threshold set, i.e. [18, 10] dB is se-
lected, the number of possible realizations ofML detector increases
earlier compared to other threshold set values. This is because
switching point to 16-QAM from QPSK is very low. According to
these curves, the computational load of ML detector of A-DM-
OFDM-IM is always lower than that of DM-OFDM-IM with 16-
QAM. Moreover, ML detector in OFDM-IM requires the minimum
calculation count of possible realizations due to usage of single
type constellation.

4. Simulation results

In the simulations, we assumed that our proposed system has a
limited feedback channel from Rx to Tx in order to determine the
suitablemodulation type to enhance BER and SE. By using this lim-
ited feedback channel, Rx only sends the average CIR knowledge of
each group instead of all CIR knowledge to Tx. In the simulations,
we assume that OFDM signal is transmitted over a frequency-
selective Rayleigh fading channel. The number of channel taps (ν)
is selected as 10. Thus, CP length and IFFT length are chosen as
NCP = 16 and N = 128. For the sake of simplicity, we assumed
n = 4 and k = 2 for all schemes.

We used different type of modulation schemes, such as BPSK,
QPSK and 16-QAM, but the system can be extended by adding
high order modulation types. Moreover, we have two different
constellations for each type ofmodulationwhich are given in Fig. 5.
In oneOFDMsymbol, allmodulation types can be used according to
instantaneous received SNR values of subcarriers groups. Switch-
ing between modulations is the result of comparing the average
SNR value of the subcarrier group to a set of predefined threshold
values.

Threshold selection is the most important factor on the trade-
off between BER performance and the SE. In this paper, we choose
six different threshold set values to select the modulation order.
Table 6 shows the SE for OFDM-IM, DM-OFDM-IM and our pro-
posed scheme for different modulation types.

Fig. 7 shows the BER performance of the proposed schemewith
different threshold set values. As seen from Fig. 7, all curves have
almost the same slope until Es/N0 = 15 dB. However, after this
value the best performance can be obtained by using [30, 20] dB
threshold set.

As we know that when the modulation order gets higher, the
SE also increases, however the BER performance gets worse for the
same SNR value. When the average instantaneous received SNR
for subblock β (ρins,β ) is higher than 10 dB and 18 dB ([18, 10]
dB), modulation type can be selected as QPSK and 16-QAM, re-
spectively. We note that these selections are the lowest threshold
values to increase the modulation order. As a consequence, the SE
reaches the highest value while the BER performance becomes the
worst.

Fig. 8 shows the theoretical and simulation results of the aver-
age SE variation versus Es/N0 for different threshold set values. As
seen from Fig. 8, simulation results perfectly match the theoretical
ones, which are calculated by (12), especially at low Es/N0 values.
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Fig. 7. BER performance vs. Es/N0 for different threshold set values.

Fig. 8. Spectral efficiency vs. Es/N0 for different threshold values in dB.

Similarly, when the average instantaneous received SNR is
higher than 20 dB and 30 dB ([30, 20]) dB, the modulation type
can be selected as QPSK and 16-QAM, respectively. Compared
to the previous situation, as a result of increasing the required
instantaneous received SNR for transition from BPSK to QPSK, the
SE decreases and the BER performance enhances. As its known, the
error probability increases as the modulation level increases. For
this reason, the BER performance becomes worse than the others
if the threshold set value is chosen low. The best performance is
obtained by using [30, 20] dB threshold set.

Figs. 9 and 10 illustrate the average SE and the average BER
variationswith respect to different threshold sets [γ1, γ2] in a three
dimensional plot. This threshold set consists of 156 elements and
we assume that Es/N0 = 25 dB, γ1 value increments from 18
to 30 dB and γ2 value increments from 8 to 20 dB. Moreover,
the trade-off between the SE and the average BER values can be
seen from Figs. 9 and 10. High SE values can be obtained by using
low threshold combinations. Moreover, the improvement of the
average BER performance can be observedwhilemoving threshold
combinations towards higher values.

Fig. 9. SE variation with respect to [γ1, γ2] in dB for Es/N0 = 25 dB.

Fig. 10. BER variation with respect to [γ1, γ2] in dB for Es/N0 = 25 dB.

To make a fair comparison among all systems, all constellation
alphabets (Cons A and Cons B) for each modulation are normal-
ized to have unit average energy. In Fig. 11, we compare the
BER performance of the proposed scheme with DM-OFDM-IM by
using 16-QAM, QPSK and BPSK schemes. In computer simulations,
we show that the proposed adaptive scheme always outperforms
the classical DM-OFDM-IM with 16-QAM. However compared to
DM-OFDM-IM with BPSK and QPSK, it still provides a better BER
performance at particular SNR values. For example, in Fig. 11 the
BER performance of A-DM-OFDM-IM with [30, 20] dB is better
than DM-OFDM-IM with BPSK for SNR values between 5–32 dB.

It may seem questionable at first that the BER performance of
the adaptive system is better than DM-OFDM-IM with BPSK. The
reason for this is that in DM-OFDM-IM, BPSKmodulation is used in
each subblock regardless ofwhether the channel is high gain or not.
However, the proposed scheme selects a modulation type among
three possible modulation types, according to channel conditions
due to its adaptive structure. Thus,more bits canbe conveyed in the
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Fig. 11. The average BER vs. Es/N0 (dB) for different modulation schemes.

Fig. 12. The spectral efficiency vs. Es/N0 (dB) for different modulation schemes.

proposed scheme with subblocks that have a high received SNR,
compared that of DM-OFDM-IM with BPSK.

Fig. 12 shows the SE variation with Es/N0 for different modula-
tion schemes. As can be seen from Fig. 12, OFDM-IM with BPSK
gives the minimum SE compared the other systems. Moreover,
the proposed scheme with different threshold set values provide a
better SE value compared to DM-OFDM-IM with BPSK (n = 4, k =

2). The SE values of the A-DM-OFDM-IM scheme with [18, 10] dB
is better than that of the A-DM-OFDM-IM scheme with [30, 20]
dB. However, both of them give higher SE values compared to DM-
OFDM-IMwith QPSKmodulationwhen Es/N0 is greater than 26 dB.
The highest SE value is obtained by DM-OFDM-IM with 16-QAM.
Since there is a trade-off between SE and BER performance, we
conclude that simulation results in Figs. 7 and 12 are consistent.

The performance of the proposed systems heavily depends on
the CSI feedback. Until this point, we have assumed that the CSI is
perfectly feedback from Rx to Tx. However, in practical situations,
the assumption of the perfect CSI feedback may be unrealistic.
The impact of imperfect feedback in an adaptive OFDM system
is analyzed in [31]. The authors of this study assumed that the
feedback knowledge of each subcarrier is conveyed with one bit

Fig. 13. Imperfect feedback channel effect on (a) BER and (b) SE vs. Es/N0 (dB) for
all different threshold sets.

(i.e., 0 or 1). In our system, Rx sends only the information of the
selected modulation type of each subblock with 2 bits (due to
having 3 modulation options), consequently, it conveys half of the
feedback knowledge compared with that of [31].

In Fig. 13, we illustrated the impact of the imperfect feedback
on the BER and SE performance of the proposed system for all
threshold sets. Threshold set values are indicated as Case which
is defined in Table 4. While solid-lines for each color represent the
perfect feedback channel case, dot-lines for each color represent
the case which SNR of feedback channel (SNRfb) equal 0 dB. Square
and diamond markers show SNRfb = 5 dB and SNRfb = 10 dB,
respectively. As seen from Fig. 13, when SNRfb increases, BER and
SE results of imperfect channel close to the BER and SE results of
the perfect case.

To extend our analysis on the BER performance of the proposed
system for all SNRfb values, we calculated MSE values by using BER
results in the perfect feedback case and the imperfect case with
different SNR values. The MSE result is given in Fig. 14 for two
different threshold sets which gives the best and the worst BER
results, i.e., [30, 20] dB and [18, 10] dB, respectively. In this anal-
ysis, we assume that the feedback knowledge is transmitted with
BPSK modulation over the noisy feedback channel with different
SNRfb values. In computer simulation, SNR of the channel from Tx
to Rx is assumed to be constant (for each MSE step). As seen from
Fig. 14, when the SNR value increases, MSE value decreases. We
conclude from Fig. 14, that when the SNR is above 10 dB, the effect
of the imperfect feedback on the BER performance of the proposed
scheme is almost negligible.



24 S.A. Çolak et al. / Physical Communication 30 (2018) 15–25

Fig. 14. MSE vs. Es/N0 (dB) for two different threshold sets.

5. Conclusion

In this paper, we have proposed a new adaptive modulation
scheme for DM-OFDM-IM to enhance the average BER perfor-
mance and SE according the channel condition. The proposed
scheme divides the overall subcarrier into subgroups, and then
each subgroup can bemodulated by a differentmodulation scheme
according the channel transfer function. We have demonstrated
that the SE of the proposed system is superior compared to that
of its OFDM-IM and DM-OFDM-IM counterparts under frequency
selective Rayleigh channel. The SE of the A-DM-OFDM-IM scheme
has been obtained by both theoretical calculations and computer
simulations, which are in perfect agreement. The main advantage
of the A-DM-OFDM-IM scheme is the selection of the appropriate
threshold set, which may provide a higher SE or a lower BER.
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