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Abstract

Orthogonal Frequency Division Multiplexing with Index
Modulation (OFDM-IM) is a system that exhibits superior
power efficiency and bandwidth compared to the conventional
OFDM system. In the OFDM-IM system, some subcarriers are
inactive, and instead of transmitting modulation symbols, zero
values are sent on these subcarriers. This paper aims to
determine the optimal number of active subcarriers to maximize
the transmitted data rate and spectral efficiency of the OFDM-
IM system. Through mathematical relationships and simulation
results, it is demonstrated that the identified value of active
subcarriers is indeed optimal, leading to the maximization of the
data rate of the system and spectral efficiency. The proposed
optimal method, particularly designed for 4-symbol Pulse
Amplitude Modulation (PAM) and 8-group OFDM-IM, has
resulted in a 6.25% increase in the number of transmitted bits
compared to previous methods. As a secondary objective, a
modified constellation with equal intervals is introduced for M-
PAM modulation, aiming to reduce the bit error rate of the
OFDM-IM system and enhance overall system performance.
For 4-symbol PAM and 16-group OFDM-IM, utilizing 9 active
subcarriers and a signal-to-noise ratio of 12 dB, the proposed
constellation has demonstrated a tenfold improvement in the bit

error rate of the system.
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Calculation and optimization of the number of active subcarriers in OFDM-IM systems to maximize the
transmitted bit rate and spectral efficiency.

Introduction of a modified constellation pattern with fixed distances for M-PAM modulation, aimed at
reducing the bit error rate (BER) of the OFDM-IM system.

Keeping average energy of the proposed modulation symbols the same as the standard M-PAM modulation.
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1. Introduction

High data rate transmission over wireless channels is a critical requirement for many applications. However, as
the data rate increases, the symbol duration decreases, leading to more severe inter-symbol interference (ISI) in
single-carrier modulation due to wireless channel fading. To mitigate the effects of ISI, the symbol duration must
be significantly longer than the delay spread of the wireless channel. Orthogonal Frequency Division Multiplexing
(OFDM) addresses this challenge by dividing the entire channel into multiple narrowband subchannels that
operate in parallel. This approach enables both high-speed transmission and increased symbol duration, effectively
combating ISI [1].

OFDM is a specialized form of multicarrier modulation, offering flexibility that allows for the use of advanced
techniques to improve transmission efficiency. Additionally, OFDM systems exhibit high resistance to frequency-
selective fading, eliminating the need for complex equalizers [1].

Subcarrier Index Modulation (SIM) was first introduced in [2]. This method, based on OFDM, activates some
subcarriers while leaving others passive (i.e., transmitting zero values), thereby achieving improved power
efficiency and spectral efficiency. In [2], a bit string is used to activate or deactivate subcarriers via the on-off
keying (OOK) method, where the spatial arrangement of subcarriers and modulation symbols on active subcarriers
transmits the desired bit string. However, the SIM-OFDM system suffers from an unstable data rate due to the
randomness of the OOK data stream, which can lead to error propagation and a high number of errors.

To address this issue, the Enhanced Subcarrier Index Modulation (ESIM) method was proposed in [3]. This
approach pairs subcarriers, with only one subcarrier in each pair activated while the other remains inactive. The
index of the active subcarrier carries one bit of information. Although the ESIM-OFDM system exhibits better bit
error rate (BER) performance, it sacrifices half of the index bits compared to SIM-OFDM. Furthermore, frequency
resources are underutilized, as only half of the subcarriers are activated for data transmission.

In [4], the OFDM with Index Modulation (OFDM-IM) system was proposed as a more generalized form of ESIM-
OFDM. Unlike ESIM-OFDM, subcarriers are not paired. Instead, they are divided into smaller blocks, with a
fixed number of active and inactive subcarriers in each block. Digital modulation symbols are transmitted via
active subcarriers, while additional bits are conveyed through the permutation and location of active subcarriers,
facilitated by a lookup table or combinatorial method [4].

A further generalization of OFDM-IM, termed OFDM-GIM, was proposed in [5]. In this method, the number of
active and inactive subcarriers in each block is not fixed but determined by the input bit string, enabling more
flexible data transmission.

References [6] and [7] investigate the spectral efficiency of the OFDM-IM system, deriving an approximate value
for the number of active subcarriers that maximizes spectral efficiency. Similarly, [8] calculates the optimal
number of active subcarriers to maximize the transmitted bit rate of the system. All three studies arrive at the same
optimal value for active subcarriers, as maximizing the transmitted bit rate inherently maximizes spectral
efficiency. Additionally, [8] proposes a non-uniform pulse amplitude modulation (M-PAM) constellation for the
OFDM-IM system, where symbols closer to zero are spaced farther apart than those farther from zero. The optimal
spacing is determined through a computer search to minimize the bit error rate.

2. Innovation and contributions

The primary objective of this article is to calculate and refine the optimal number of active subcarriers for the
OFDM-IM system to maximize both the transmitted bit rate and spectral efficiency. To achieve this, the derivation
of the number of transmitted bits in the OFDM-IM system is utilized. Since this value is expressed as an inequality
based on the number of active subcarriers, the derivation is performed using an approximation. A key contribution
of this work is the modification of this approximation by incorporating a corrective component at the final
optimization stage. In certain cases, the proposed method demonstrates a 25% increase in the transmitted data
rate.

In the OFDM-IM system, the presence of the zero symbol disrupts the order and equal spacing of modulation
symbols. The second objective and another significant contribution of this paper is the introduction of a modified
constellation with fixed and equal intervals for M-PAM modulation. This modification reduces the bit error rate
(BER) of the OFDM-IM system while maintaining the average energy of the modulation symbols. Simulation
results based on the proposed constellation show a more than 10-fold reduction in the bit error rate, with
improvements reaching up to 100-fold in some cases.

3. Materials and Methods

We consider an OFDM-IM system with N subcarriers, K active subcarriers, and an M-PAM digital modulation
constellation of M dimensions. A bit string of length Bg is input into the system and divided into g groups (or sub-
blocks). Consequently, a bit string of length B enters each group, which is further divided into two substrings of
lengths B and B,. Each group contains n subcarriers (where N=ng), with k subcarriers being active (where K=Kkg).
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Within each sub-block, the indices of the active subcarriers are determined based on the bit string of length B;.
Subsequently, the bit string of length B, is mapped to a symbol using the M-PAM modulation scheme, forming a
sub-block of length n. All groups are then combined to create an OFDM-IM block of length N.

In the OFDM-1M system, the presence of passive subcarriers (represented by zero values) introduces an additional
symbol to the standard M-PAM modulation constellation. This additional symbol disrupts the equal spacing
between modulation symbols, causing the constellation to deviate from its standard order and resulting in an
increased bit error rate (BER) compared to conventional OFDM systems.

To address this issue, we propose the use of a modified constellation with equal spacing between symbols, similar
to the standard M-PAM constellation. This modification is expected to improve the error rate, as the equal
distances between symbols enhance the system's robustness against errors.

4. Results and Discussion

The proposed method accurately determines the optimal number of active subcarriers, ensuring the maximum
transmitted bit rate in all scenarios and addressing the limitations of the reference method in [8]. By incorporating
an integer operator in the final stage of the optimization process, this paper compensates for the initial
approximation used in the optimization, resulting in the optimal number of active subcarriers that maximizes the
transmitted bits per group. For instance, the proposed method achieves the following improvements in the number
of transmitted bits compared to [8]:

o 25% increase for M =2 and n =4,

e 4.5% increase for M =2 and n = 16,
e 6.25% increase for M =4 and n = 8.

The proposed modified PAM constellation demonstrates superior performance, significantly reducing the bit error
rate (BER) compared to standard PAM modulation. Specifically, the BER decreases by approximately 10 times
at a signal-to-noise ratio (SNR) of 12 dB and by about 100 times at an SNR of 20 dB.

The BER curve is convex with respect to changes in the distance of the symbol closest to zero (symbol 1 in
standard PAM). This convexity allows for the use of optimization algorithms to determine the optimal distance
for a given SNR, minimizing the BER. It is important to note that, to maintain the average energy of the
modulation symbols, increasing the distance of the closest symbol to zero necessitates decreasing the distance of
the next symbol, and vice versa.

The optimal constellation values were calculated using the fminbnd function in MATLAB. The results show that
the proposed constellation performs nearly as well as the optimal constellation, particularly when spectral
efficiency is maximized. Given the minimal performance difference and the reduced computational complexity,
the proposed constellation is a practical and effective choice for M-PAM modulation in OFDM-IM systems.

5. Conclusion

In this paper, the OFDM-IM system was investigated. In this system, the number of active subcarriers significantly
impacts various qualitative and quantitative parameters, as some subcarriers are active while others remain
inactive. The primary objective of this study was to determine the optimal number of active subcarriers to achieve
the maximum transmitted bit rate and maximum spectral efficiency. Through optimization using derivation and
the correction of existing approximations, along with simulations, it was demonstrated that the proposed optimal
number of active subcarriers provides a favorable response for the OFDM-1M system. In some cases, this approach
improves the transmitted data rate and spectral efficiency by up to 25%.

In the OFDM-IM system, the presence of passive subcarriers (represented by zero symbols) disrupts the order and
equal spacing of the PAM modulation constellation, leading to a higher bit error rate (BER). As a second
contribution, this paper proposes a modified constellation with equal symbol spacing while preserving the average
energy of the modulation symbols. This modification improves the BER of the OFDM-IM system by 10 to 100
times in certain cases. Simulation results show that the proposed constellation performs nearly as well as the fully
optimized constellation obtained through exhaustive search, making it a practical and effective choice for M-PAM
modulation in OFDM-IM systems.
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Table 1. Comparision of maximum transmitted bits of each subblock with proposed optimum k and [8]

Braw N=4 Bra N=8 Boa N = 16 Buax, N=24 Buax, N =32
L L L
4 5 (25%) 10 10 22 23 (4.5%) 35 35 47 47
4 8 8 16 17(6.25%) 34 35 (2.9%) 53 53 71 71
1 12 (9.1%) 24 24 48 49 (2.1%) 73 74 (1.4%) 99 99
16 14 16(143%) 31 32 (3.2%) 64 64 96 96 128 129 (0.8%)
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Table 2. Comparision of maximum spectral efficiency with proposed optimum k and [6]

SEmax, M=4
" [6] proposed
8 2 2.125
16 2.125 2.1875
24 2.2083 2.2083
32 2.2188 2.2188
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Table 3. Distance of nearest symbol from zero in optimized constellation pattern for M=4 relative to different k and SNRs
k k=0,1,2,...,18,19,20

2.0469, 2.0531, 1.9443, 1.9289, 1.8488, 1.7639, 1.6728, 1.5905, 1.5192, 1.4653, 1.4145, 1.3863, 1.3816, 1.3168,
1.3168, 1.3168, 1.3168, 1.3168, 1.3168, 1.3168, 1.3168

1.7011, 1.7208, 1.9375, 1.9448, 2.0326, 1.9442, 1.9428, 1.8454, 1.7774, 1.6893, 1.5873, 1.5498, 1.4850, 1.4514,
1.3974, 1.3567, 1.2970, 1.2970, 1.2970, 1.2970, 1.2970

1.4468, 1.5216, 1.6038, 1.6615, 1.7581, 1.8054, 1.8110, 1.7957, 1.7639, 1.6748, 1.6105, 1.5230, 1.4831, 1.4510,

13 1.4157, 1.3755, 1.3471, 1.3206, 1.3161, 1.3161, 1.3161
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