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Abstract

In this paper, we proposed the application of the repetition code to improve the perfor-
mance of the index modulation for orthogonal frequency division multiplexing (IM-OFDM)
system termed as repeated in-phase and quadrature index modulation for OFDM (RIQ-IM-
OFDM). The proposed scheme can provide a superior performance over the benchmark
systems at the same spectral efficiency. Unlike the classical IM-OFDM, RIQ-IM-OFDM
activates only a subset of sub-carriers and uses the indices of active sub-carriers to carry
additional data symbols in the index domain of both in-phase and quadrature dimensions.
Then, active sub-carriers in each in-phase/quadrature component transmits the same M-
ary symbol. Exploiting the in-phase/quadrature index modulation allows the system to attain
improved spectral efficiency while using the repeated transmission provides the diversity gain
in the frequency domain and thus improving the reliability of the conventional IM-OFDM as
well as in-phase and quadrature index modulation for OFDM (IQ-IM-OFDM) systems.

Index terms

Index modulation, OFDM with in-phase/quadrature index modulation, IM-OFDM, fre-
quency diversity, ML detection.

1. Introduction

Orthogonal frequency division multiplexing (OFDM) is known as an effective trans-
mission technique thanks to the cancellation of inter-symbol interference and high
spectral efficiency. Recently, a lot of studies have introduced novel OFDM schemes
to improve the performance of the classical OFDM. One of the most typical techniques
is index modulation for OFDM (IM-OFDM). Unlike the OFDM system, IM-OFDM only
activates a subset of sub-carriers to carry data bits by using both the active sub-carriers
and their indices. Due to the adjustable number of active sub-carriers, IM-OFDM can
achieve the trade-off between the transmission reliability and spectral efficiency [1].
Since the first IM-OFDM system was reported in [2], the research on IM-OFDM
has received much attention. For the reliability aspect, the authors in [3] used sub-
carrier interleaving to enhance the error performance. The work in [4] proposed the
simultaneous in-phase and quadrature index modulation for OFDM that could improve
the spectral efficiency of the conventional IM-OFDM system. In another solution,
the study in [5] was successfully exploited inactive sub-carriers to transmit additional
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information bits. Developing this idea, the multi-mode IM-OFDM was introduced in [6].
In this work, all sub-carriers were activated and various modes and their permutations
were used to convey data bits. Thus, the spectral efficiency was improved. In order to
simplify the system structure, a greedy detector (GD) for IM-OFDM was proposed and
its bit error rate (BER) was analyzed under imperfect channel state information (CSI) in
[7]. The authors in [8] investigated the impact of channel estimation errors on the symbol
error probability (SEP) of IM-OFDM using both the maximum likelihood (ML) and
GD detectors. Furthermore, performance analysis of IM-OFDM schemes has attracted a
lot of interests. In particular, the BER expression for IM-OFDM was derived in [9]. The
authors in [10] determined the outage probability of the IM-OFDM system over two-way
diffused-power fading channels. For the diversity issue, the transmit diversity can be
achieved by transmitting the in-phase and quadrature parts of complex symbols over two
different active sub-carriers [11]. Additionally, the linear constellation pre-coding for IM-
OFDM was proposed in [12] to improve both the diversity gain and spectral efficiency.
The work in [13] introduced the diversity reception for IM-OFDM with GD to attain the
improved diversity gain at low complexity detection. The idea of using repetition code
for IM-OFDM as well as enhanced IM-OFDM systems to further improve the transmit
diversity gain were reported in [14], [15], [16]. Aiming at further improving both the
diversity gain and error performance, a lot of studies combined IM-OFDM with multiple
input multiple output (MIMO) systems [17], [18]. To reduce the complexity, detectors
based on the sequential Monte Carlo (SMC) were designed for MIMO- IM-OFDM which
can achieve the near-optimal error performance at low complexity [19]. More recently,
the authors in [20] introduced the first proposal of applying deep learning to detect
data bits in the IM-OFDM systems. A lower order modulation variant was proposed
for IM-OFDM in [21] to improve the spectral efficiency. In [22], Yoon derived the
posterior probabilities of the low-density parity check (LDPC) coded bits of the IM-
OFDM system to reduce the implementation complexity of LDPC decode without loss
of the performance. The OFDM with hybrid number and index modulation was proposed
in [23] to improve the error performance by using either number or index of active sub-
carriers to transfer data bits. Besides, the distributed cooperative IM-OFDM system was
presented in [24].

Motivated by the idea of repeated IM-OFDM in [4], we propose the repeated in-phase
and quadrature index modulation for OFDM scheme in which the index modulation
was extended to both in-phase and quadrature branches, the repeated transmission was
applied to all active sub-carriers in the in-phase or/and quadrature parts. Thus, the
proposed system can achieve the improvement in terms of the error performance as
well as the spectral efficiency over the conventional IM-OFDM. The paragraph of this
paper is organized as follows. Section 2 and Section 3 present the system models of the
proposed RIQ-IM-OFDM, RIQ-IM-OFDM-ext systems, respectively. The performances
of proposed systems were evaluated in Section 4. Section 5 concludes the paper.
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2. Proposal of RIQ-IM-OFDM System
The block diagram of a typical RIQ-IM-OFDM scheme is illustrated in Fig. 1.

Group
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Fig. 1. Block diagram of a typical RIQ-IM-OFDM sub-block.

Assume that the OFDM system has N, sub-carriers to transmit a total number of
m information bits, which are divided into G sub-blocks of m; bits. Each sub-block
is then separated into two groups. There are N subcarriers and p bits in each group
that is utilized to generate the in-phase/quadrature component of a RIQ-IM-OFDM sub-
block, i.e., N = N./2G and p = m/2@G. Similar to the conventional IM-OFDM system,
each group of bits in RIQ-IM-OFDM scheme activates only K out of N sub-carriers.
The remaining inactive sub-carriers are zero padded. However, unlike the conventional
IM-OFDM as well as IQ-IM-OFDM system where K active sub-carriers transmit /'
different M-ary modulated data symbols. In our proposal, K active sub-carriers for
each in-phase/quadrature part of the RIQ-IM-OFDM group transmit the same M -ary
modulated symbol. As each sub-block operates independently, without loss of generality,
we consider only one sub-block to explain the propose scheme.

In every transmission of a sub-block, the incoming m4-bits are equally divided into
two groups. For the in-phase/quadrature component per sub-block, each group of p-
bits are then split into two parts. The first part consists of p; = [log,C(K, N)| bits
that is the input of index modulator to select KX out of N sub-carriers, where |-| and
C(K,N) denote the binomial coefficient and the floor function, respectively. As a
result, the output of index modulator is an index symbol which is generated according
to the active sub-carriers. The set of indices of active subcarriers in the in-phase and
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quadrature components are independently given by

ef:{a{,...,od(},e@:{a?,...,ag}, (1)

where o/, a® € {1,...,N}, k = 1,..., K. Due to the use of repetition code at
the transmitter, the index symbol for the in-phase and quadrature dimensions can be
respectively expressed as follows

A =[8 B,A? =89, ..., B9 (2)

where 8/ = 1if i € ¢/, f% = 1if i € 09 and §/,9 = 0 when i ¢ 67,69, ie.,
A €{0,1}. At large N and K, the index symbol is decided by the combination method
[1]. While N, K are small, the look up table is used as an example in Table 1.

Table 1. A look up table of RIQ-IM-OFDM signal when N =4, K =2, p; = 2.

pf 0! x! p? 0% x?

00 {1,2} [s/,s,0,07 00 {1,3} [s9,0,52,0]"
o1 {2,3} [0,s,s',0]" 01 {2,4} [0,52,0,59]"
10 {3,4} [0,0,s",s"]" 10 {1,4} [s2,0,0,5°]"
1 {1,3} [s',0,s",0]" 11 {1,2} [s9,5°,0,0]"

The second part of incoming bits in each in-phase/quadrature group having p, =
log, M bits is fed to the M-ary modulator to generate modulated data symbols. However,
unlike the conventional 1Q-IM-OFDM system where all active sub-carriers in the in-
phase/quadrature dimension transmit different data symbols s’ = [s” (a1) ..., s’ (ak)],
s? = [s9(a1),...,s9 (ak)], where s’ (o), 59 (o) € S denotes the set of M-PAM
signal constellation. In our proposal, all active sub-carriers in each I/Q-branch transmit
the same data symbols s’, s@, respectively. Accordingly, a transmitted signal vector in
the in-phase dimension is generated by x/ = \s’.

Similarly, for the quadrature component, we have xQ = \%s@, Then, x! and x? are
combined to generate a transmitted signal vector as follows

x =x! + jx9. (3)
The received signal of the RIQ-IM-OFDM is given as
y = Hx +n. @)

where H = diag (h(1),...,h(N)) is the channel matrix and h(«), where « = 1,..., N,

is a complex-valued Gaussian random variable that represents the fading channel over a

sub-carrier c. The additive Gaussian noise vector is expressed by n = [n(1),...,n(N)]".

The channel coefficient and noise on each sub-carrier follow the distributions h(a) ~

CN(0,1) and n(a) ~ CN(0, Ny), where Ny is the noise variance. Assume that E {|s?|} =
wkE, let us define the average signal to noise ratio (SNR) per sub-carrier by ¥ =

wEs/ Ny, where E; is the average transmit power per M-ary modulated symbol and

w = N/K represents power allocation coefficient.
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It can be seen that in each transmission per sub-block, total number of transmitted bits
are my = 2p = 2 (p1 + p2), where p; = |log,C'(K, N)| and ps = log, M are the number
of bits carried on index modulation and on M-ary modulated symbol, respectively.
Therefore, the spectral efficiency of the RIQ-IM-OFDM system is given by
2 (|log,C(K,N)| 4 log,M)

N
In order to detect the transmitted signal, the receiver employs an ML detector to jointly
estimate the active indices and the corresponding data symbols as follows

% = argmin ||y — Hx||* = arg min {HHH2 [HI‘I - XIH2 +[r? - XQ‘H } . (6)

TRIQ-IM-OFDM = [bits/s/Hz], (5)

Where r! and r® denote the in-phase and quadrature parts of r = y/H, respectively. It
can be seen from equation (6) that the in-phase and quadrature components of RIQ-IM-
OFDM sub-block can be detected independently. Thus, the detection of both components
is conducted as follows

& — (;\I,gf) — arg min | H|1?||r" - x’||", (7
AT

29 = (3,59) = arg min [ H*[r? — <" ®
)‘Q’SQ

It can be seen that the ML complexity in terms of complex multiplications in each I/Q
branch is ~ O (2P* M) which increases linearly with M.

3. Proposal of RIQ-IM-OFDM-ext scheme

Following equation (6), the proposed RIQ-IM-OFDM system attains the improved
spectral efficiency over the conventional IM-OFDM [1] when K is not large. However,
the spectral efficiency of RIQ-IM-OFDM is lower than that of the conventional 1Q-IM-
OFDM and IM-OFDM at large K. This is a drawback of the proposed system compared
to the systems without repeated transmission. In order to overcome this disadvantage,
we proposed an extended RIQ-IM-OFDM scheme called as RIQ-IM-OFDM-ext with
the system model as shown in Figure 2. In RIQ-IM-OFDM-ext, the second part of
incoming bits consisting of p, = Klog, M bits are modulated by one M -ary modulated
symbol vector s = [s1, Sg,...,Sk|, where s, € S, k = 1,..., K. Unlike the RIQ-IM-
OFDM system, RIQ-IM-OFDM-ext repeatedly transmits the same modulated symbol
vector over the active subcarriers of both in-phase and quadrature components.

For more detail, an example of index selection and transmitted signal generation
of RIQ-IM-OFDM-ext using look up table for N =4, K =2, py = 2, 5,5, € S, is
presented in Table 2. The RIQ-IM-OFDM system, the spectral efficiency of the extended
scheme is determined by
2 |log,C(K, N Klog, M

Log OU )]+ K108 M 14 1. ©)
For the detection, RIQ-IM-OFDM-ext jointly detects the indices of active subcarrier
and data symbols using the ML detector similar to the RIQ-IM-OFDM system.

FRIQfIMfOFDMfext =
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Fig. 2. Block diagram of a typical RIQ-IM-OF DM-ext sub-block.

Table 2. A look up table example of RIQ-IM-OFDM-ext when N =4, K =2, p; = 2.

p{ o7 x! p? 6% x@

00 {1,2} [sx,55,0,0]7 00 {1,3} [sy,0,5,,0]"
01 {2,3}  [0,5y,54,0]" 01 {2,4} [0,55,0,50]"
10 {3,4} [0,0,sy,5,]" 10 {1,4} [s4,0,0,s,]"
11 {1,3}  [54,0,5,,0]7 11 {1,2} [sy,54,0,0]"

4. Performance evaluation and discussion

In order to evaluate the performance of proposed systems, Monte-Carlo simulation is
conducted and compared to the conventional IM-OFDM [1], IQ-IM-OFDM [4] systems.
Assume that the channel over each sub-carrier is the Rayleigh fading channel and the
CSI is perfectly known at the receiver. The ML detector is used in all schemes. For
simplicity, system configuration with K out of N active sub-carriers and modulation
order M is referred to as (N, K, M).

Figure 3 depicts the SEP performance of the proposed systems in comparison with
the conventional IM-OFDM [1] and 1Q-IM-OFDM systems [4] at the same spectral
efficiency of 1.5 bits/s/Hz when N =4, K = {1,2,3}, M = {2,4}. It can be observed
that the error performance of proposed systems outperforms that of the reference sys-
tems. Particularly, at SEP = 10~%, RIQ-IM-OFDM and RIQ-IM-OFDM-ext achieve
approximately 12 dB and 10 dB better than IM-OFDM, around 6.5 dB and 4.5 dB
better than IQ-IM-OFDM, respectively. Besides, the RIQ-IM-OFDM-ext attains about
2 dB SNR gain compared to the RIQ-IM-OFDM system.

Figure 4 represents the SEP performance comparison of the proposed systems and the
benchmark systems at higher spectral efficiency when N =8, K = {2,3,4,6}, M = 4.
As seen from the figure, proposed systems attain better error performance than the
conventional IM-OFDM and IQ-IM-OFDM. In particular, at the SEP of SEP = 1074,
RIQ-IM-OFDM and RIQ-IM-OFDM-ext provide about 8 dB and 6.5 dB SNR gain
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Fig. 3. The SEP performance of proposed systems and the conventional IM-OFDM, 1Q-IM-OFDM

SE=1.5 bits/s/Hz

" —H— RIQ-IM-OFDM-mix (4,2.2)
—5— RIQ-IM-OFDM (4,3,2)
—O— IM-OFDM (4,2,4)

5 10

15

20 25 30 35
Es/No (dB)

systems at the spectral efficiency of 1.5 bits/s/Hz.

compared to IM-OFDM, 5 dB and 3.5 dB SNR gain over IQ-IM-OFDM, respectively.
A possible explanation for this performance improvement might be that the proposed
systems achieve the diversity gain in the frequency domain due to the repeated trans-
mission. While the IM-OFDM and 1Q-IM-OFDM systems without repetition code do

not obtain the diversity gain.

Figure 5 depicts the impact of the number of active subcarriers

Average SEP

107

Fig. 4. Average SEP of RIQ-IM-OFDM, RIQ-IM-OFDM-ext and the conventional IM-OFDM,

on SEP of RIQ-IM-
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1Q-IM-OFDM when N = 8, K = {2,3,4,6}, M = 4.
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Fig. 5. The impact of K on the SEP performance of RIQ-IM-OFDM (a) and RIQ-IM-OFDM-ext (b)
when N =8 K ={1,2,...,7}, M =2.
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Fig. 6. The impact of K on the SEP performance of RIQ-IM-OFDM at the same spectral efficiency of
1.5 bits/s/Hz when N =8, K ={2,3,5,6,7}, M = {2,4,8}.

OFDM (a) and RIQ-IM-OFDM-ext (b) at the fixed values of N =8, K = {1,2,...,7},
M = 2. It can be observed that when K > 4, there is not much difference in the SEP of
both proposed systems. The best SEP performance is achieved at KX = 2. In Figure 6, the
impact of K on the SEP performance of RIQ-IM-OFDM at the same spectral efficiency
of 1.5 bits/s/Hz is evaluated. It is clear that the system attains better performance when
reducing K. RIQ-IM-OFDM at K = 2 provides the best performance with SNR gains
of 1 dB over the scheme at X = 3. Thus, we should choose the value of KX is not much
larger than 2 for the best system configuration.
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The comparison among spectral efficiency of proposed systems and the benchmark
systems when N = 8, K = {1,2,...,7}, M = 4 is shown in Figure 7. As seen
from the figure, at K < 4, i.e., K < N/2, both RIQ-IM-OFDM and RIQ-IM-OFDM-
ext systems achieve higher spectral efficiency than the classical IM-OFDM. However,
when K > 4, the spectral efficiency of RIQ-IM-OFDM reduces and is lower than that
of the IM-OFDM system.

4.5 T T T T 1
!
4l ]
< 35
>
= 37
a
325 Iz © © )
5 .
e 20 :
ko)
g 15 .
& D>
1 —pP— Im-oFDM
|Q-IM-OFDM
0.5 —P— RIQ-IM-OFDM
—E6— RIQ-IM-OFDM-ext
0 | | : :
2 3 4 5 6 7

K

Fig. 7. The spectral efficiency of the proposed systems compared to that of IM-OFDM, 1Q-IM-OFDM
when N =8 K ={1,2,...,7}, M =4.

This drawback of RIQ-IM-OFDM can be solved by RIQ-IM-OFDM-ext scheme that
achieves higher spectral efficiency than that of RIQ-IM-OFDM and IM-OFDM even at
large K. However, K should be selected not much larger than 2 to guarantee the best
error performance. Thus, it is clear that two proposed systems can provide the significant
improvement in terms of the error performance as well as the spectral efficiency over
the conventional IM-OFDM.

5. Conclusion

In this paper, we have proposed two enhanced IM-OFDM systems referred to as
RIQ-IM-OFDM and RIQ-IM-OFDM-ext. By exploiting the repeated transmission in in-
phase and quadrature dimensions, the proposed systems can considerably improve the
transmission reliability and spectral efficiency of the conventional IM-OFDM system.
The impacts of system parameters on the error performance is also investigated that
allows to select the best configuration for future IM-OFDM system. With their simply
and reliability, the proposals will be suitable to machine type or device to device
communications, where high reliability is more important at low spectral efficiency.
Future work will include a comprehensive theoretical analysis to provide more insight
into the performance behaviors, and effective receiver with minimum performance loss
will be designed.
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PIEU CHE CHi SO PONG PHA VA VUONG PHA LAP

LAI CHO HE THONG OFDM
Lé Thi Thanh Huyéh, Tran Xudn Nam

Tém tat

Trong bai bio nay, chiing toi dé xuét giai phdp ng dung ma lip d€ cai thién phadm chét

hé théng diéu ché chi s6 cho OFDM (IM-OFDM: index modulation for orthogonal frequency
division multiplexing), v6i tén goi diéu ché chi s6 dong pha va vudng pha lip lai cho hé théng
OFDM (RIQ-IM-OFDM: repeated in-phase and quadrature index modulation for OFDM) Mo
hinh dé xuit c6 thé dem lai pham chét vugct trdi so véi cac m6 hinh truyén thong tai cling
hiéu qué phd. Khong glong v6i mé hinh IM-OFDM truyen thong, RIQ IM-OFDM kich hoat
chi mdt tdp con cic séng mang con va su dung chi so cla cac séng mang con kich hoat
dé€ mang thém cdc symbol dif ligu trén cd mien ddng pha va Vuong pha. Sau do6, cac song
mang con di kich hoat trén mién dong pha/vuong pha phat di cing m6t symbol di liéu da
dugc diéu ché M-miic. Khai thdc diéu ché chi sé6 dong pha/vudng pha cho phép hé thong cai
thién dugc hiéu qua phd, trong khi st dung phat ldp dem lai d6 1¢i phan tdp trén mien tan
s6 va do vay sé cai thién dugc do tin cay cda hé thong IM-OFDM ciing nhu diéu ché chi sb
ddng pha/vudng pha cho OFDM (IQ-IM- OFDM: in- phase/quadrature index modulation for
OFDM) truyén théng.



