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Introduction

OFDM is a popular technique for encoding digital
data on multiple carrier frequencies and is widely used in
many digital communication systems. The use of multiple
subcarriers helps to combat the effects of multi-path
propagation, which can cause inter-symbol interference
and reduce the performance of the system. By using low
symbol rate modulation schemes like PSK and QAM, the
signal quality can be maintained in the presence of multi-
path propagation. OFDM is widely used in many
applications, such as digital television and audio
broadcasting, internet access, wireless networks, and 4G
mobile communications, because of its ability to provide
high data rates and reliable communication over a wide
bandwidth [1], [2].

The OFDM-IM is an extension of the traditional
OFDM (Orthogonal Frequency-Division Multiplexing)
scheme, where the information bits are encoded not only
in the amplitude and phase of the subcarriers but also in
the index of active subcarriers. This results in an increased
spectral efficiency(SE), making it a potential solution for
high data rate applications such as 5G cellular networks
and wireless communication systems. The use of index
modulation also offers benefits such as improved error
performance, reduced complexity, and enhanced
robustness against fading channels compared to
traditional OFDM. In OFDM, it is the result of applying
the spatial modulation (SM) technique to the subcarriers
in each block. By this scheme, a part of the subcarriers are
reactivated in response to incoming information bits so
that M-ary symbols can be transmitted while the other
subcarriers remain inactive. Activation patterns for
subcarriers (SAPs) are determined based on data and are
used to carry information as well. When compared to
conventional OFDM, this saves power and is more

efficient with regard to bit error rate (BER)
performance [1], [2]. Despite OFDM-1M's advantages for
large numbers of subcarriers, the main problem is that the
mapping of data to SAP is complex [1]. A look-up table
(LUT) or combinatorial method is typically used to map
data to active subcarrier indexes in OFDM-IM systems.
Each One of the main advantages of using a large number
of subcarriers is that it provides higher spectral efficiency
and better error performance. This is because more
subcarriers mean more data can be transmitted in a given
bandwidth. However, this advantage comes at the cost of
increased computational complexity and larger LUT
sizes. On the other hand, using a smaller number of
subcarriers results in smaller LUT sizes and reduced
computational complexity. However, this comes at the
cost of reduced spectral efficiency and degraded error
performance. Therefore, a trade-off must be made
between the number of subcarriers used and the resulting
performance and complexity. The choice of mapping

scheme depends on the specific requirements of the
system and the desired trade-off between performance and
complexity.

The computational difficulty of the combinatorial
mapping technique grows as n increases [1], [2].

A direct straightforward one-to-one method of
determining the state of n subcarriers was used in earlier
versions of OFDM-IM, such as [3]. Consequently,
spectral efficiency and energy efficiency were affected by
variable activation ratios. The data in [3], is separate into
two streams. One of the data streams is subdivided, this
subdivided data stream is utilized for conformable
subcarrier activation with the plurality bit value (0 or 1)
as part of a one-to-one relationship. The second stream of
data has been used in modulating the active subcarriers.
There is an announcement that the system will be capable
of improving BER over traditional OFDM systems [3].
The ordinary system is altered in [4] to what is recognized
then in the literature as OFDM-IM [1]. Following the
introduction of OFDM-IM (Orthogonal Frequency
Division Multiplexing with Index Modulation), multiple
efforts have been made to address its various issues, such
as enhancing the Bit Error Rate (BER) and Spectral
Efficiency (SE), developing new index modulation
schemes, and exploring its applications in Multiple Input
Multiple Output (MIMOQ) systems, among others. In
reference [5], a compact BER expression is derived. The
improvement in the Euclidean distance between the
received symbols was achieved in [6] through the use of
various subblock interleaving techniques, as described in
[7] and [8]. The rate, energy efficiency (EE), and spectral
efficiency (SE) were addressed in [9], and the BER
performance was analyzed in [10]. To improve the
Spectral Efficiency (SE), [11] proposes the use of a
varying number of effective subcarriers per subblock. The
method applies OFDM-IM to both the in-phase and
quadrature components independently. However, it
results in a decreased Bit Error Rate (BER) performance
compared to traditional OFDM-IM. To improve the
Spectral Efficiency (SE), [11] proposes the use of a
varying number of effective subcarriers per subblock. The
method applies OFDM-IM to both the in-phase and
quadrature components independently. However, it
results in a decreased Bit Error Rate (BER) performance
compared to traditional OFDM-IM systems.

The analysis of detection complexity and the
proposal of low-complexity substitutes are presented in
[12] and [13]. The examination of the use of OFDM-IM
in Multiple Input Multiple Output (MIMO) systems is
explored in [14] and [15].

This paper introduces a highly efficient data to SAP
(Signal to Average Power) scheme. The proposed scheme
is based on direct mapping and eliminates the need for
storing LUTs or performing complex iterative
computations, which are commonly used in other OFDM-
IM systems.
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The rest of the paper is organized as follows. First
section gives a brief description to the determination of a
specific SAP in OFDM-IM systems. Second section
describes the proposed data-to-SAP mapping scheme.
Third , Fourth sections are describing the enhancement in
the SE, BER of the proposed scheme over conventional
method respectively. Finally, the last section concludes
the paper.

1. MODEL SYSTEM OF OFDM-IM

At its core, OFDM-IM separates an N-subcarrier
OFDM block into g individual sub-blocks, each of which
contains n subcarriers. Out of these n subcarriers, k are
selected (activated) to be modulated by a M-ary
constellation data symbol for each sub-block. The number
of all possible SAPs is CZ(=n!/(n—k)'k!). The
operation of mapping p,(= llog, C*]) bits of data
according to established LUT used to determine a
nominated SAP, where |. ] is the greatest or largest lower
integer function. Therefore, the actual number of utilized
SAPs is 2 to the power of p;, which is equivalent to the
largest integer power of 2 that is less than C7}, where C!
is greater than 2 to the power of p, for all n and k greater
than 1. Inaddition, p, (= k log, M) bits over the k active
subcarriers of a sub-block are modulated. The process
involves combining p; and p, bits to form a total of
p(= p; + p,) bits. These p bits are then packed into a
subblock. After packing the bits, the system transmits one
OFDM (Orthogonal Frequency Division Multiplexing)
block, the total conveyed bits are equal to m = g.
Following this, the frequency domain of the OFDM-IM
block is represented as x = [x, x4, ..., Xy—1] T. This block
undergoes cyclic prefix (CP) addition operations and
inverse fast Fourier transform (IFFT), as performed in a
conventional OFDM transmitter. The resulting time-
domain block is then transmitted over a multipath
Rayleigh fading channel that is subject to variation over
time. The fading channel coefficients are assumed to be
quasi-static, meaning that they remain fixed for the
duration of one block. At the receiver, a replica of X is
obtained by extracting the cyclic prefix (CP) and applying
an N-point FFT. The frequency domain representation of
the channel can be expressed as follows

y=Hx +w (1)
Where
Y Vo y1, -, ¥n-1]" H diag(ho,hy ..., hy_1) , h; is
fading coefficient of a channel with h; ~ CN (0, 1) and
w = [wy,Wwy,...,wy_1]7 is aseparate Additive White
Gaussian Noise (AWGN) such that w; ~ CN (0, No).

2. PROPOSED SUBCARRIER ACTIVATION
SCHEME

The paper presents a revised direct data-to-SAP
scheme that maps n bits of data to the state of n in-phase
components of n subcarriers in an OFDM-IM subblock.
The quadrature components are mapped to the opposite
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state, resulting in the in-phase and quadrature components
of each subcarrier having opposite states. The proposed
data-to-SAP mapping scheme eliminates the need for
dividing the N-subcarrier OFDM block into subblocks,
which is a departure from conventional mapping schemes.
Conventional mapping schemes are designed to operate
on subblocks of n subcarriers, where n is significantly less
than N, with the aim of reducing complexity. However,
the proposed scheme simplifies the mapping process by
directly mapping n bits of data to the state of n in-phase
components of n subcarriers in an OFDM-IM subblock.
By avoiding the use of subblocks, the proposed scheme
not only reduces complexity but also minimizes the
overhead associated with subblock processing. [11].

The inphase components, I;, of an OFDM block with
N subcarriers are determined by a segment of N bits of
data, where each bit corresponds to a specific subcarrier,
indexed by 0 < i < N — 1. The activation of the inphase
components is one-to-one with the values of the
corresponding  bits.  Conversely, the quadrature
components are activated in a complementary fashion to
the bits, such that the value of b;determines whether the
corresponding quadrature component is active or not, that
is

[izbi anin=EL, 0<is<N-1 (2)

The activation ratio of subcarriers is 50% with the
proposed system, which is the same as the conventional
OFDM-IM system when k =n/2. In the conventional
system, this corresponds to the maximum number of SAPs
and index bits. It is important to note that the maximum
number of index bits in OFDM-IM systems is calculated
using the formula ¥|log,ClL, |.

The proposed scheme has a larger number of index bits
compared to the conventional OFDM-1M for all values of
N, n and k. For any arbitrary values of n and k, the value
of p; (determined by [log, C}]) is always less than n [16].
Thus, it can be inferred that the number of index bits per
OFDM block is greater in the proposed scheme compared
to the conventional OFDM-IM, regardless of the values of
N,nand k.

N > gp,
N>Zp, (3)

The proposed subcarrier activation scheme has a
second major advantage, it is simple. It does not require
the use of any Look-Up Tables (LUTS) or combinatorial
calculations, which are commonly used in other OFDM-
IM systems.

Nonetheless, this leads to the activation of N subcarrier
components, denoted as c; , where c; belongs to the set of
{I,Q}and 0 < i < N — 1. These N active components are
grouped into N /2 pairs to facilitate N/2 complex-valued
M-QAM constellation symbols, similar to the
conventional OFDM-IM active subcarrier modulation. As
a result, the proposed and traditional OFDM-IM systems



utilize the same amount of data to modulate the active
subcarriers.

As is done in usual OFDM systems, the N-subcarrier
OFDM block is then processed by applying IFFT and CP
additions before being transmitted through the
communication channel. The receiver will at first need to
remove the CP and do a FFT, which will follow by
determining the SAP of the received N-subcarrier block,
followed by demodulating the active subcarrier
components in order to recover the index and modulating
data bits respectively.

By comparing the magnitudes of the [andQ
components of the i received subcarrier denoted as ( 1,
and Q,) one can easily determine their respective states.

P (Lif L] > 10l
I, = L L 4
' {0 otherwise “)
and
Q, = complement of I, (5)
The it" recovered index bits, b, is calculated as
b,=1 for0<i<N-1 (6)

Once the active subcarrier components have been
identified, they are paired up in a way that resembles the
process in the transmitter. These pairs correspond to
individual M-QAM symbols, which are then demodulated
to retrieve the modulating data bits.

3. SPECTRAL EFFICIENCY

The spectral efficiency refers to the amount of
information that can be transmitted per unit of bandwidth.
In the context of OFDM-IM systems, spectral efficiency
is commonly expressed as the number of transmitted data
bits per subcarrier. This metric is often used to compare
different OFDM-IM systems and to evaluate their overall
performance.

Inthis particular case, we are considering two different
OFDM-IM systems: proposed SE, and conventional SEim.
The SE, and SEim OFDM-IM systems that have been
presented with their respective spectral efficiencies as:

N
SE, = (N +E log, M)/N
=1+ log;M bis/iHz 7)
And
SEim — p1;p2
=1 (llog, €71+ k log; M) bisiHz ®)

In the proposed system, the spectral efficiency is
solely determined by the symbol modulation order M and
is independent of the number of subcarriers n. On the

19

Zainab Mohammed Abdulkareem /NTU Journal of Engineering and Technology (2023) 2 (1) : 16-22

other hand, the spectral efficiency of the SEin system is
dependent on both the number of subcarriers, denoted as
n, as well as the subcarrier index, denoted as k, in addition
to the symbol modulation order M.

Figure 1, illustrates the plots of SE,, and SEim (for k =
n/2) against different values of M, where it is evident that
SE, is consistently higher than SEim for a given M.
However, as n increases, the value of SEin approaches
SE,. It should be highlighted that this increase in SEim
comes at a significant cost of increased data to SAP
mapping complexity.

3.5 =9 > o == SEim

— SEp

(b/s/Hz)
nN
2
«
£
L

M=§

Spectral efficiency

M=4

0 10 20 30 40 50 60 70
number of subcarriers (n)

Figure 1. SPECTRAL EFFECIENCY.

4. BER PERFORMANCE

MATLAB simulations were conducted to assess and
compare the bit error rate (BER) performance of OFDM-
IM systems utilizing both the conventional method and
the newly proposed Dir-OFDM-IM mapping scheme to
SAP. The simulation parameters were chosen to ensure
that the SE of the tested systems was comparable.

Referring to Figure 1, the systems were simulated for
the parameters given in Table 1, with N =128 ,n =
4and k =2, over time varying frequency selective
Rayleigh fading channel.

TABLE 1. SIMULATION PARAMETERS

SE M
(b/s/Hz) _
OFDM-IM Dir-OFDM-IM
2 8 4
3 32 16
35 64 32
4 128 64

Figure 2, depicts the BER performance of the tested
systems, namely the conventional OFDM-IM and the
proposed direct mapping OFDM-IM, across different



SNR values ranging from (0 to 50). The plotted curves
illustrate the improved BER performance achieved by the
proposed system over the traditional OFDM-IM scheme.
Furthermore, to attain a BER of 10-4, the Dir-OFDM-IM
system requires a lower SNR value than the conventional
OFDM-IM system, where the gain (the difference in SNR
values) between the two systems is 4 dB, 4.9 dB, 2dB and
1dB when the values of the SE of the two systems is equal
to 2, 3, 3.5 and 4 respectively. However, the primary
factor contributing to this improvement is the utilization
of a lower modulation order M in the proposed system
compared to the conventional OFDM-IM, despite
maintaining the same spectral efficiency. This is because
a smaller M results in fewer errors during symbol
demodulation, ultimately leading to better error
performance. In addition, the proposed system offers a
higher level of simplicity and independence when
determining the state of a particular subcarrier, without
any impact on the adjacent subcarriers. In conventional
OFDM-IM systems, the determination of subcarrier states
within a given subblock is typically performed
collectively. This is true regardless of whether a look-up
table (LUT) or combinatory mapping is used. The issue
with this approach is that it may introduce significant
errors during the mapping of subcarrier allocation pattern
(SAP) to data at the receiver. This is due to the fact that if
any of the subcarriers within a subblock are incorrectly
identified, it can impact the reception of other subcarriers,
leading to erroneous decoding of the transmitted data. The
proposed direct mapping scheme in Dir-OFDM-IM,
however, provides greater simplicity and independence in
determining the state of a specific subcarrier, which in
turn, results in more accurate SAP to data mapping at the
receiver.

The BER curves of Figure 2, suggest the proposed
system as a low complexity alternative of ordinary
OFDM-1M.

10° T T T T T T

m— = OFDMM M=8, SE=2

< s D OFDM-M M=4 , SE=2
S .+ =OFDMM M=32, SE=3

w0k ~ s - OFDNHIM =16 , SE=3| 3

0 5 10 15 2 2% % 3% ) I 50
EbiNo (dB)

(a). Comparison of BER performance between two
systems at SE=2&3.
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10° T T T T T T T

= w— =OFDM-IM M=64 , SE=3.5
- a s Dir-OFDM-IM M=32 , SE=3.5
S OFDM-IM M=128 , SE=4

e Dir-OFDM-IM M=64 , SE=4

0 5 10 15 20 25 30 35 40 45 50
EbNo (dB)

(b). Comparison of BER performance between two
systems at SE=3.5&4.

Figure 2. BER performance of ordinary OFDM-IM and
proposed direct OFDM-IM.

5. COMPLEXITY COMPARISION

In conventional OFDM-IM systems, the active
subcarrier indices are determined based on the transmitted
data, utilizing either a LUTs or combinatorial mapping
method. However, the complexity of these data to
subcarrier allocation pattern (SAP) mapping schemes is
highly dependent on various parameters, and as the
number of subcarriers (n) increases, the complexity of the
mapping schemes grows significantly.

Firstly, the LUT-based approach's intricacy can be
measured based on the storage memory size required. This
involves storing 2P subcarrier allocation patterns SAPs,
each containing n elements, for a given number of
subcarriers n and active subcarriers k in a subblock.
Additionally, at the receiver end, an exhaustive search is
necessary to locate a match in the LUT for each detected
SAP. Once a match is found, the corresponding p, data
can be demapped.

The combinatorial mapping scheme, as previously
reported in [17] and [18], enables a unique and direct
mapping between natural numbers and k combinations for
any given values of n and k. In this scheme, the p, data
bits are first converted to a decimal number, which is
labeled as Z. The combinatorial algorithm then utilizes
this decimal number as an input to select the indices of the
active subcarriers C; ,C,, ... , Cy by using

Z=C + ..+ Ccf? + cit 9)

The process of identifying active indices is
accomplished through iterative steps, wherein Cj is
selected such that C* < Z, followed by the selection of
Ci_1 such that CS¥T'' <z —CcE* and so on. This
algorithm  necessitates computing the binomial



combinations to map p; to the SAP associated with it.
Consequently, the combinatorial scheme incurs a
substantial computational burden

The proposed scheme is designed to simplify the process
of determining the state of each subcarrier by utilizing
only a single bit of data. This method is described in detail
in section 111 of the report. The direct subcarrier activation
scheme employed in this approach circumvents the need
for LUTs and combinatorial calculations, thereby
reducing the complexity of the system. Instead of relying
on lookup tables or combinatorial algorithms, the
proposed scheme maps each subcarrier to a state that
corresponds directly to a single data bit. This significantly
simplifies the data to subcarrier mapping process,
allowing for more efficient and streamlined data
transmission. The degree of complexity in mapping these
data to SAP schemes is influenced by various parameters,
and it intensifies significantly with an increase in n.
However, as n increases, SEim also increases. It is
important to observe that this rise in SEim comes at the
cost of a substantial escalation in the complexity of data
to SAP mapping. Overall, the proposed direct subcarrier
activation scheme provides a more straightforward and
efficient alternative to the conventional LUT and
combinatorial mapping schemes used in existing OFDM-
IM systems. For different n and m values, Table 2,
compares SE between OFDM-IM and direct OFDM-IM.

TABLE 2. SE oF THE OFDM-IM AND DIRECT OFDM-IM FOR
DIFFERENT 7 AND M VALUES:

Zainab Mohammed Abdulkareem /NTU Journal of Engineering and Technology (2023) 2 (1) : 16-22

of the proposed scheme and showcases simulation results
that exhibit its improved bit error rate (BER) performance
as compared to traditional OFDM-IM systems. The
analysis presented indicates that the proposed scheme
surpasses conventional LUT and combinatorial mapping
methods in terms of complexity. Furthermore, the
computer simulation results demonstrate that utilizing the
proposed scheme in OFDM-IM leads to a superior bit
error rate (BER) performance in comparison to equivalent
conventional OFDM-IM systems. As a result, one can
deduce that the proposed data to SAP scheme exhibits
promise and has the potential to be implemented in
upcoming generations of communication systems as a
more effective and less complex substitute for traditional
schemes.

References

[1] E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor,
“Orthogonal frequency division multiplexing with
index modulation, ” IEEE Trans. Signal Process., vol.
61, issue 22, pp. 5536 — 5549, Nov. 2013.

[2] A.l Siddig, "Low complexity OFDM-IM detector by
encoding all possible subcarrier activation patterns,”
IEEE Commun. Lett.,vol. 20, no. 3, pp. 446-449, Mar.
2016.

[3] R. Abualhiga and H. Haas, “Subcarrier-index
modulation OFDM, ” in Proc. IEEE Int. Symp. Pers.,
Indoor Mobile Radio Commun., 2009, pp.13-16

[4] D. Tsonev, S. Sinanovic, and H. Haas, “Enhanced
subcarrier index modulation (SIM) OFDM,” in Proc.
IEEE GLOBECOM Workshops, 2011, pp.728-732.

[5] Y. Ko, “A tight upper bound on bit error rate of joint
OFDM and multi-carrier index keying,” IEEE
Commun. Lett., vol. 18, no. 10, pp. 1763-1766, Oct.
2014.

[6] Y. Xiao, S. Wang, L. Dan, X. Lei, P. Yang, and W.
Xiang, “OFDM with interleaved subcarrier-index
modulation,” IEEE Commun. Lett., vol. 18, no. 8, pp.
1447-1450, Aug. 2014.

[71 X. Cheng, M. Wen, L. Yang, and Y. Li, “Index
modulated OFDM with interleaved grouping for V2X
communications,” in Proc. IEEE 17th Int. Conf. ITSC,
Oct. 2014, pp. 1097-1104.

[8] M. Wen, X. Cheng, M. Ma, B. Jiao, and H. V. Poor,
“On the achievable rate of OFDM with index
modulation,” IEEE Trans. Signal Process., vol. 64, no.
4, pp. 1919-1932, Apr. 2016.

[9] W. Li, H. Zhao, C. Zhang, L. Zhao, and R. Wang,
“Generalized selecting sub-carrier modulation scheme
in OFDM system,” in Proc. IEEE Int. Conf. Commun.
Workshops, Jun. 2014, pp. 907-911.

n Dir. ofdm-im Dir. ofdm-im
ofdm-im ofdm-im
M=4 M=4 M=8 M=16 M=16 M=32
4 2 1.5000 2 3 2.5000 3
8 2 1.7500  2.2500 3 2.7500  3.2500
16 2 1.8125  2.3125 3 2.8125  3.3125
32 2 1.9063  2.4063 3 2.9063  3.4063
64 2 1.9375  2.4375 3 29375  3.4375
128 2 1.9688  2.4688 3 2.9688  3.4688
CONCLUSION

The paper introduces a new approach for activating
the subcarriers "direct data to SAP mapping scheme" and
it is presented as a simpler alternative to existing schemes
that require look-up tables or combinatorial calculations.
The proposed scheme uses a single bit of data to determine
the state of each subcarrier, resulting in a more
straightforward activation process. By eliminating the
need for complex mapping schemes, the proposed
approach aims to improve the efficiency and performance
of OFDM-IM systems. The article explains the workings

21

[10] E. Basar, “OFDM with index modulation using
coordinate interleav- ing,” IEEE Wireless Commun.
Lett.,, vol. 4, no. 8, pp. 381-384, Aug. 2015.

[11] R. Fan, Y. Yu, and Y. Guan, “Generalization of
orthogonal frequency division multiplexing with
index modulation,” IEEE Trans. Wireless Commun.,
vol. 14, no. 10, pp. 5350-5359, Oct. 2015.

[12] B. Zheng, F. Chen, M. Wen, F. Ji, H. Yu, and Y. Liu,
“Low- complexity ML detector and performance
analysis for OFDM with in-phase/quadrature index

modulation,” IEEE Commun. Lett., vol. 19, no. 11, pp.
1893-1896, Nov. 2015.

[13] E. Chatziantoniou, J. Crawford, and Y. Ko,
“Performance analysis of a low complexity detector
for MCIK-OFDM over TWDP fading,” IEEE
Commun. Lett., vol. 20, no. 1, pp. 1251-1254¢ Jun.



Zainab Mohammed Abdulkareem /NTU Journal of Engineering and Technology (2023) 2 (1) : 16-22
2016
[14] E. Basar, “On multiple-input multiple-output OFDM
with index modula- tion for next generation wireless

networks,” IEEE Trans. Signal Process., vol. 64, no.
15, pp. 3868-3878, Aug. 2016.

[15] E.Basar, “Multiple-input multiple-output OFDM with
index modu- lation,” IEEE Signal Process. Lett., vol.
22,no. 12, pp. 2259-2263, Dec. 2015.

[16] A.l. Siddiq, "Effect of Subcarrier Activation Ratio on
the Performance of OFDM-IM over Rayleigh Fading
Channel," IEEE Commun. Lett.,vol. 21, no. 6, pp.
1293-1296, June 2017.

[17] D. E. Knuth, The Art of Computer Programming.
Reading, MA, USA:Addison-
Wesley,2005,vol.4,ch.7.2.1.3,Fascicle3.

[18] J.D.McCaffrey, “Generating the mth lexicographical
element of a mathematicalcombination,”
MSDNLibrary,Jul.2004[Online].Available:http://msd
n.microsoft.com/en-us/library/aa289166(VS.71).aspx

22



