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Abstract—This paper proposes a novel scheme of Multi-
carrier Index Keying - Orthogonal Frequency Division Multiplex-
ing (MCIK-OFDM), called as repeated MCIK-OFDM (ReMO),
which is capable of improving the error performance compared
to classical MCIK-OFDM for a given spectral efficiency. Similar
to the classical MCIK-OFDM, ReMO activates only a subset
of sub-carriers to carry information bits by the use of both
the active sub-carriers and their indices. However, unlike the
classical scheme, ReMO exploits the frequency diversity such
that the same )M -ary data symbol is repeatedly used to modulate
all the active sub-carriers. To gain an insight into the ReMO
performance, a closed-form expression for the symbol error
probability (SEP) is derived. This expression can help us analyze
the impact of the ReMO parameters on the symbol error
performance and suggest the best ReMO setup to minimize
the error probability. Through both theoretical and simulation
results, ReMO is successfully proved to provide significantly
better diversity order as well as SEP error performance over
the conventional OFDM and MCIK-OFDM at the same spectral
efficiency.

Index Terms—MICK-OFDM, index modulation (IM), symbol
error probability (SEP), frequency diversity, maximum likelihood
(ML) detection.

I. INTRODUCTION

Multi-carrier Index Keying - Orthogonal Frequency Divi-
sion Multiplexing (MCIK-OFDM) or its so-called OFDM-IM
(Index Modulation) in [1] has been recently proposed as a
new multi-carrier technique that extends the conventional two
dimensional M-ary signal constellations to a third dimension,
which is the sub-carrier index. In MCIK-OFDM transmission,
only a subset of sub-carriers is activated, according to the
incoming data, to convey constellation symbols. The use of
activated sub-carrier indices as an additional degree of freedom
enables the transmission of extra information bits without any
additional bandwidth and power requirements. This MCIK-
OFDM principle aims to improve the reliability and the energy
efficiency for wireless systems [2].

The MCIK-OFDM has attracted significant attention be-
cause it can provide a balanced trade-off between error proba-
bility and spectral efficiency. Various MCIK-OFDM structures
have been proposed and discussed to improve the performance.
In [2], the tight upper bound on the bit error rate for MCIK-
OFDM has been first derived in closed-form. In [3], OFDM
with in-phase/quadrature index modulation (OFDM-I/Q-IM)
has been proposed, which applies the IM to both the in-
phase and the quadrature components of signals. In [4], a

combination of MCIK-OFDM and space time block codes was
proposed to achieve an additional coding gain. Meanwhile, the
space-frequency coded index modulation (SFC-IM) scheme
has been proposed in [5], which can attain a diversity order
of 2 with the deployment of multiple-input multiple-output
(MIMO) structure. The concept of MIMO-OFDM-IM was
investigated in [6]. To increase the diversity order at low
complexity MCIK-OFDM, in [7] the authors have proposed
an MCIK-OFDM scheme using the maximal ratio combining
(MRC) with the design of a low complexity detector called
greedy detection. To enhance the spectral efficiency, in [8],
a generalised MCIK-OFDM which has a variable number of
active sub-carriers has been proposed and in [9]-[10], the
authors have introduced the dual-mode OFDM scheme and
its corresponding generalised version in order to improve the
attainable throughput over the classical MCIK-OFDM. Very
recently, in [11], [12], the compressed sensing technique for
MCIK-OFDM has been addressed to achieve higher spectral
efficiency and energy efficiency. However, for high reliability,
it is motivated to develop a simple transmit diversity structure
for MCIK-OFDM that can enhance the error performance
without degrading the data rate. To the best of our knowledge,
a frequency diversity has been little explored, and its unique
properties of attaining higher diversity gain have not been
analyzed in the literature.

The MCIK-OFDM can be considered under the scenarios
of ultra-reliable machine type communications (MTC) [13],
which require a low throughput, but an extremely high reli-
ability and an ultra-low latency. In fact, most of the afore-
mentioned papers have focused on the improvement in the
spectral efficiency such as [8], [9], [10], [11], which may
not be suitable for MTC applications being sensitive more
to a very low error rate than a high data rate. While some
researchers use quite complicated designs of transceivers like
[4], [3], some efforts have been made to use multiple antennas
to achieve a spatial diversity gain in [5], [6], [7]. However,
these may not meet the requirement of a simple and flexible
operation of MTC devices that are low-cost and too small to
equip more than one antenna.

In this paper, a repeated MCIK-OFDM termed as ReMO
is proposed, taking into account hybrid frequency-and-index
diversity. We combine MCIK with frequency diversity to
modulate a subset of sub-carriers with the same M-ary data
symbol. This approach can benefit from the advantages of



both MCIK and frequency diversity transmission. Particularly,
by modulating part of sub-carriers and the indices with the
same M -ary data symbols, ReMO can be used to attain both
frequency diversity and index diversity, leading to a significant
transmit diversity. Such a highly reliable multi-carrier wireless
transmission is timely for wireless MTC systems in an OFDM
structure such as. e.g., 3GPP’s narrow bandwidth MTC (NB-
MTC) [14]. To this end, novel closed-form expressions for the
instantaneous and average symbol error probability (SEP) are
derived, which can help us gain an insight into the performance
of the ReMO scheme, for various cases. The derived SEP
expressions are generalized to account for any number of
active sub-carriers and repeated patterns. This enables the
SEP performance analysis of different ReMO concepts by
investigating the effects of higher modulation constellation and
repeated ratio. The numerical results will clearly show that the
ReMO outperforms the benchmarks, achieving a significantly
high reliability, which is suitable to MTC applications.

The rest of this paper is organised as follows. Section
II describes the system model, while section III proposes a
theoretical bound on the SEP and the performance analysis.
The numerical results and discussion are presented in section
VI and section V concludes the paper.

Notation: C (k,n) and |z| denote the binomial coefficient
and the largest integer less than or equal to x, respectively.
Column vectors and matrices are presented by bold lowercase
and capital letters, respectively. E{z} and M, (.) denote
the expectation and the moment generating function of the
random variable z, respectively. (.)" and CA(.) denote the
complex conjugation and the circularly-symmetric complex
normal distribution, respectively.

II. SYSTEM MODEL

Consider a multi-carrier wireless system with N, = GN
sub-carriers, including G blocks of N-sub-carriers. Like the
classical MCIK-OFDM, we activate only K out of the total
N sub-carriers in each block to carry data bits and the
remaining inactive sub-carriers are zero padded. Denote by
s an M-ary constellation symbol. Different from the classical
scheme, which sends different M-ary constellation symbols
over K active sub-carriers, we propose to repeatedly use the
same M-ary constellation symbol s in modulating K > 2
active sub-carriers for each MCIK-OFDM transmission. For
convenience, this scheme is referred to as repeated MCIK-
OFDM (ReMO) throughout the paper. Such repeated mapping
of a single s to K active sub-carriers in ReMO is expected
to provide a diversity effect in both the frequency and index
domains. Notice that such a mapping is independently applied
to every block. For convenience and without loss of generality,
hereinafter, we address only one block instead of the whole
G blocks.

For a ReMO block, in every symbol period, incoming
p1 + po bits are partitioned into 2 groups at the transmitter.
The first p; bits are mapped to an index symbol, which
is corresponding to a combination of K active sub-carriers
whose indices are in a set of 0, i.e., § = {aq,..,ax }, where
ay € {1,...,N}. Here, the index symbol can be defined by

a vector as XA = [51,...,ﬁ1\7]T7 where 5; = 1 if i € 6
and 3; = 0 if i ¢ 0. For given N and K, let ® be the
set of index symbols in total and its cardinality is given by
my = |®| = 2U198: CUSN)] eading to py = |log, C (K, N)] .
In addition, the combinatorical method [1] is used to generate
the m; index symbols for our scheme. The remaining ps
bits (p2 = logy M) are modulated by one M-ary symbol s.
Accordingly, the ReMO codeword is defined as @, which is
given by = As.

The received signal vector y can be, in the frequency
domain, expressed as

y=Hx+n
=HAs+n, (D

where H = diag{h (1),...,h (IN)} denotes the channel ma-
trix, where h («) is a flat Rayleigh fading channel of sub-
carrier «, being an independent, complex-valued Gaussian
random variable with zero mean and unit variance, i.e.,
h(a) ~CN (0,1), and n = [n(1),..,n(N)]" is the additive
Gaussian noise vector with its entries n (a) ~ CN (0, Np).
For the power constraint, we assume that E {|82’} = pks,
where F and ¢ = N/K are the transmit power per M-ary
symbol s and the power allocation coefficient, respectively.
Hence, the average signal-to-noise ratio (SNR) per sub-carrier
at the receiver is given by 5 = pE,/Ny.

Finally, to recover the transmitted signal, the maximum
likelihood (ML) detector is employed to make a decision on
all possible ReMO codewords consisting of both all possible
index symbols A and M-ary symbols s, and the estimate can
be written as

&= (5\, s) = argmin |y — HAs|”. )

III. ERROR PERFORMANCE ANALYSIS
A. Pairwise index error probability

‘We first consider the index detection; the well-known condi-
tional pairwise index-detection error probability (PEP) of ML
can be used to represent the error event that the transmitted
i-th index vector is incorrectly detected as j-th index vector.
This can be given by

PE. | HX — HA,|?
2N, ’

PAi—=Aj) =@ \/ 3)

where A; and A, denote the transmitted index vector

and the decoded index vector, respectively, and Q (z) =

S I} > exp 7% dt is the Gaussian tail probability [15].

2r Jx

Let A; and A; have a Hamming distance of 2D. Then, PEP
in (3) can be rewritten as

D
Pi—X)=0Q \/Zdl (ng *%a) (4)

where o € 0; and &4 € 0; such that ag, g ¢ 0; N0, and
Yo =7 | (@)]? denotes the instantaneous SNR of sub-carrier
a.



Using the union bound, the probability of the index misde-
tetion of A; can be obtained, for given A;, as

mi
PEP, < Y P(Ai— X)), Q)
=1
and, therefore, the instantaneous PEP of ReMO can be ex-
pressed as

mi mi

ZPEP<—ZZP()\ — ;). (6)

i=1 j#i=1

Denote by ; the set of indices j(# ) such that A; is
satisfying the Hamming distance of 2 with A; i.e., D =1 in
(4). Denote by n; the cardinality of §2; i.e., n; = |£2;|. Based
on (4) and (5), notice that PE P; is dominant with the follow-
ing terms P (X; — X;j|j € Qi), e, D200 P (N = Aj) =
> jea, P (Ai = A;j). Hence, (6) can be approximated by

PEP =

i=1j€eQ;
— Z > P(a—a) )
i=1jeQ,
where P (o — &) = Q Ja$9a ) s the simplified pairwise

probability of incorrectly detecting an active sub-catrier o €
0; into an inactive sub-carrier & € 0;, where 0;,0; are the
corresponding index sets of A;, A;, respectively.

Then, the overall average PEP of ReMO can be given by

v 8 8o o] 7))

i=1jeQ;

mll i 1 _as 1 _as
~E, 2=t (L Ze
72{ m \12¢ T tge ) @

where vx = %H'%t and we use the approximation of @ (x) ~
B + i

Due to the definition of the moment generating function
(MGF) [15], ie., E, {e7*7} = M, (s), the MGF of ~5 can
be calculated as M., (s) = M2 (s ) ﬁ Finally, with
the use of MGF approach, a closed-form expression for the
approximate average PEP in (8) can be obtained as

ma . 5
PEP < %EW {e7F +3e %

1 mi
_ 2?21 i 1 1
T12my Mys 4 +3Mys 3
Mo 16 27
R N L ©)
2mi | (447)° (3+7)

It is seen from (9) that the average PEP depends on
N,K through ¥ = NE;/KNy and m; = [C(K,N)],,.
Moreover, for given N and K, the PEP is also affected
by the design of the index symbols A via the term of

>t m;. Since ML detector exploits information from the
indices of both active and inactive sub-carriers, it can be
found from (9) that the achievable diversity order is 2, i.e.,
—limy_, [log (PEP) /log (7)] = 2.

B. Symbol error probability (SEP)

A symbol error event occurs if either A # X or § # s, thus,
with each transmission of ReMO codeword consisting of two
different symbols (A and s), the number of potential symbol
error events will be 0, 1 or 2. As a result, the instantaneous
SEP and its average value can be respectively approximated
by

SEP<:417§51

5 |Pvt Y P(a—a) (10)
m i je
—— PEP+P
SEP < % an
where P,; is the instantaneous SEP of M-PSK con-
stellations. The expression for P,; is given by Py =~

2Q (/25 sin (7/M)) as in [16], where vx, = Zle Ve
and oy, € 6;. Next, using the approximation of -function as
in (8), we can represent Py, as follows

dpvx,

1
Py~ G (e_"w” +3e” " 3 ) ,

12)

where p = sin® (7/M). Similar to the previous subsection,

utilizing the MGF method for the random variable vy that
has the MGF of M, (s) = MX (s) = ﬁ , then, the
average value of P, in (12) can be attained by
— 1 1 3
Py~ = + ~ . (13)
6la+mm" 1+ “g”)K]

Finally, using (9), (11), and (13), the closed-form expression
for the average SEP of ReMO is obtained as

AR 2
SEP < =L L T
2m |4+ 3+7)
1 1 3
= - —% | (4
2 1a+mm" <1+4§W>K]

It is seen from (14) that in the high SNR regions, the average
SEP of ReMO mainly depends on the accuracy of the index
detection as K grows. This is because at very large K, the
diversity order in (14) is always limited by 2, that is exactly the
diversity order attained in the index domain. By contrast, the
diversity order of the classical MCIK-OFDM is limited to 1
since this scheme only uses the information of one sub-channel
to detect the M-ary symbols. Thus, attaining diversity order
twice higher than the classical scheme, ReMO is expected to
enhance the average SEP performance.

In addition, for a given IV, the ReMO system will provide
the best SEP when K is chosen not to be much greater than
2: K = 2,3 can be the best choices to minimize the SEP.
This will be verified by numerical results in the next section.



It can also be found from (9) that K should be chosen to
be less than N/2. For example, consider an ReMO scheme
having K > N/2 and another one with K* = N — K < N/2,
it is obvious that these two values for K provide the same
spectral efficiency (due to C (K, N) = C (K*, N)). However,
the latter will result in a better error performance than the
former because the latter has a much greater 4y compared to
the former, while the terms of >/ n; are nearly the same in
both schemes.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present the simulation and theoretical
results for the average SEP of the proposed ReMO schemes
with different parameters /', N and M, over the flat Rayleigh
fading condition. For comparison, we depict the results of the
classical OFDM and MCIK-OFDM [1]. The SEP performance
of these systems is evaluated by Monte Carlo simulations as
a function of the average SNR per sub-carrier E/Ny.

A. Comparison with classical OFDM and MCIK-OFDM

We first compare the SEP performance curves of ReMO
with classical OFDM and MCIK-OFDM at the same date
rate of 1 bps/Hz (bits/s/Hz) as shown in Fig. 1. It is clearly
observed from this figure that at a SEP = 104, ReMO
provides considerable SNR gains of more than 14 dB and 9
dB over the classical OFDM and MCIK-OFDM, respectively.
Even another ReMO scheme with a better date rate of 1.25
pbs/Hz in Fig. 1 also exhibits a much better SEP performance
than its two classical counterparts with 12 dB and 7 dB
SNR gains at SEP = 10~*. This impressive improvement is
understandable because our novel scheme has the achievable
diversity order twice that of classical schemes as presented in
(14).

10° : : : : :
—%—ReMO, N=4, K=2, M=4, 1 bps/Hz
: —b— Classical MCIK-OFDM, N=4, K=2, M=2, 1 bps/Hz
—&o— Classical OFDM, N=4, M=2, 1 bps/Hz
10" —k— ReMO, N=4, K=2, M8, 1.25 bps/Hz B
& 102}
»
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Fig. 1. Average SEP comparison of ReMO with both the conventional OFDM
and MCIK-OFDM when N =4, K =2, M € {2,4, 8}.

B. The tightness of the average SEP theoretical bound

The tightness of the theoretical SEP expression derived in
(14) is successfully verified in Fig. 2. As seen from this figure,
the theoretical bounds for the SEP become very tight with
increasing SNR values for all cases and the difference between
bounds and simulations is negligible if the SEP is less than
103. Hence, the obtained bounds can be employed as a useful
tool for the evaluation of the SEP performance of ReMO for
different setups at a sufficiently high SNR.

1074 T T T T T
S —¥—Simulation, ReMO, N=4, K=2, M=4
3 — Theoretical
- Simulation, ReMO, N=4, K=3, M=§
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Fig. 2. Comparison between the theoretical bounds and the simulation curves
on the average SEP of ReMO when N € {4,8}, K € {2,3,4} and M €
{2,4,8}.

C. The impact of K on the average SEP

Fig. 3 investigate the impact of K on the SEP of ReMO
for a given spectral efficiency of 0.875 bps/Hz. It is shown
via Fig. 3 that the ReMO scheme of K = 2 provides the
best performance, with SNR gains of more than 1 dB over the
scheme of K = 3 and 3 dB over the remaining schemes of
K > 3. This confirms our conclusion at the end of section III
that K should not be too much greater than 2, meaning that the
difference between the achievable diversity order in the index
and frequency domains should be as small as possible. Fig. 3
also shows that the SEPs of ReMO schemes with K < N/2 =
4 are always better than that of schemes with K > N/2 =
4. This once again successfully verifies another conclusion
presented at the end of section III.

D. The impact of M on the average SEP for large K

We verify the effect of the PSK constellation order M on
the SEP of ReMO with large K via Fig. 4. It is shown in
this figure that the SEPs are quite similar when M = 2,4, 8,
especially in the high SNR regions (> 15dB), the SEP of 3
these schemes are nearly the same. This observation helps us
confirm the conclusion at the end of section III that for large
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10 % ReMO, N=8, K=3, M=4, 0.875 bps/Hz
—#%-Theoretical

% ReMO, N=8, K=4, M=2, 0.875 bps/Hz
—¥—Theoretical
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Average SEP
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Fig. 3. Impact of K on the average SEP of ReMO when N = 8, K €

{2,3,4,5,6,7}, and M € {2,4,8,16}.

K, the SEP of ReMO mainly depends on the accuracy of the
index detection i.e., the PEP. The significant difference only
appears when M increases to 16 or more, however, in the very
high SNR regions the SEP with M = 16 still tends to the SEP
of the former schemes with smaller values of M.
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Fig. 4. Impact of M on the average SEP of ReMO when N =4, K = 3,
and M € {2,4,8,16}.

V. CONCLUSIONS

In this paper, we have proposed the new MCIK-OFDM
scheme, called repeated MCIK-OFDM (ReMO), which has
significantly improved the SEP performance over the classical
OFDM and MCIK-OFDM at the same spectral efficiency. The
proposed scheme has taken into account the opportunity of
exploiting both the frequency and index diversity gain by
repeatedly mapping the same M-ary symbol to all active
sub-carriers and their indices. For the performance analysis,
we have derived a novel expression for the symbol error

probability, which provides an insight into the achievable
diversity order as well as error performance. Based on this
useful expression, the effect of ReMO parameters on the SEP
performance can be clearly addressed in designing various
concepts for future MCIK-OFDM systems.
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