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Abstract—This paper investigates performance of an advanced
scheme of index modulation for orthogonal frequency division
multiplexing (IM-OFDM), called the repeated index modulation-
OFDM with coordinate interleaving (RIM-OFDM-CI), which
achieves higher transmission reliability than the conventional
IM-OFDM with coordinate interleaving (IM-OFDM-CI). We
first derive the approximated expressions for the symbol error
probability (SEP) of RIM-OFDM-CI. The obtained SEP provides
an insight into the impact of system parameters on the error
performance, which allows for selection of an optimum constel-
lation rotation angle to minimize SEP. Two enhanced detectors,
namely the log likelihood ratio (LLR) and greedy (GD) detector
for RIM-OFDM-CI are proposed. The proposed detectors not
only achieve nearly same performance as the maximum likelihood
(ML) detector but also significantly reduce detection complexity
of the RIM-OFDM-CI system. Simulation results are reported
to validate advantages of the proposed RIM-OFDM-CI and low-
complexity detectors against benchmarks.

Keywords—IM-OFDM, coordinate interleaving, symbol error
probability, ML detection, log likelihood ratio, greedy detection.

I. INTRODUCTION

Index modulation for orthogonal frequency division multi-
plexing (IM-OFDM) is an effective transmission scheme in the
frequency domain as it not only attains higher energy efficiency
but also more reliability than the conventional OFDM. Differ-
ent from the classical OFDM, the IM-OFDM system activates
only a fraction of sub-carriers for transmission and uses their
indices to convey additional data bits.

The original IM-OFDM system [1] used a fixed number of
data bits to activate the corresponding sub-carriers and thus
its spectral efficiency and error performance are limited. In
order to obtain the flexible trade-off between the transmission
reliability and spectral efficiency, the authors in [2] proposed
an enhanced IM-OFDM scheme with adjustable active sub-
carriers according to incoming bits. In order to deal with the
error performance issue, the sub-carriers are interleaved in [3]
to extend the Euclidean distance among the data symbols.
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The study in [4] used interleaved sub-carrier grouping and
investigated the achievable rate of the IM-OFDM system.

To improve the spectral efficiency, the work in [5] pro-
posed an IM-OFDM scheme in both in-phase/quadrature (IM-
OFDM-I/Q) dimensions, which performs index modulation
over both the in-phase and quadrature components of the
modulated symbols. In another solution, the dual-mode OFDM
(DM-OFDM) was presented in [6]. This model utilized inac-
tive sub-carriers to carry further data bits in addition to the ac-
tive sub-carriers. Different signal constellations were employed
to convey data symbols over both active and inactive sub-
carriers. The work in [7] introduced a multi-mode IM-OFDM
scheme which activates all sub-carriers. More information bits
can be conveyed by permuted transmission modes and thus
this scheme can enjoy further increased spectral efficiency. In
order to achieve both spectral efficiency and diversity gain,
the authors in [8] introduced a linear constellation precoder
for IM-OFDM. In another effort, the study in [9] applied
the compressed sensing technique to IM-OFDM to attain
performance enhancement with respect to both diversity gain
and energy efficiency.

Recently, various researches have also been done to analyze
performance of IM-OFDM. The work in [10] derived a tight
bound for bit error rate (BER) of IM-OFDM. The authors
in [11] evaluated the outage probability of the IM-OFDM
scheme operating over the two-way diffused-power fading
channels. The reliability in terms of symbol error probability
(SEP) of IM-OFDM and IM-OFDM employing greedy de-
tection under imperfect channel state information (CSI) was
investigated in [12] and [13], respectively.

Aiming at achieving diversity gain, the coordinate inter-
leaved IM-OFDM scheme in [14] distributed the real and
imaginary components of the M-ary modulated symbols over
distinctive sub-carriers. Paper [15] introduced an IM-OFDM
scheme with transmit diversity, which utilized multiple signal
constellations to carry the same data bits over the active sub-
carriers. In a recent work [16], the coded IM-OFDM with
transmit diversity was proposed to increase the reliability
of sub-carrier index detection. To achieve further diversity
gain and BER performance improvement, the IM-OFDM con-
cept was extended to multiple-input multiple-output (MIMO)
systems in [17], [18]. In order to reduce complexity while
still attaining diversity gain of IM-OFDM, the study in [19]
introduced an IM-OFDM system with greedy detection and
diversity reception. Its BER performance under imperfect CSI
was analyzed in [20]. A repeated IM-OFDM system with



transmit diversity (ReMO) was presented in [21] with the
closed-form expressions for SEP and BER.

In order to reduce the detection complexity of index mod-
ulation systems, the authors in [22], [23], [24] proposed low-
complexity detectors in terms of visited nodes while still
attaining the optimal BER performance of the maximum like-
lihood (ML) one. More recently, the authors in [25] introduced
the first proposal of applying deep learning to detect data
bits of the IM-OFDM systems. The proposed detector can
provide a nearly optimal performance as the ML and reduces
considerably the runtime of existing detectors.

In a recent work, a repeated index modulation-OFDM
with coordinated interleaving (RIM-OFDM-CI) scheme was
presented in [26]. In RIM-OFDM-CI, coordinate interleaving
is simultaneously applied to the M-ary modulated symbols
in two different clusters. Additionally, these distinct clusters
repeatedly use the same set of active sub-carrier indices.
Combining coordinate interleaving and the index repetition
allows RIM-OFDM-CI to attain better index detection and
the M-ary symbol error performance over the conventional
IM-OFDM-CI system, even at the same spectral efficiency.
Furthermore, while IM-OFDM-CI requires an even number
of active sub-carriers, the proposed scheme can operate well
with an arbitrary number of active sub-carriers and thus is more
flexible in terms of achieving reliability and spectral efficiency.

The objective of this paper is to extend our work in [26] by
conducting a detailed theoretical analysis on the performance
of the RIM-OFDM-CI system. Based on this analysis, an
optimal rotation angle for the signal constellation to optimize
the system performance is determined. In addition, the efficient
detectors to reduce the computational complexity are also pro-
posed. The main contributions of the paper can be summarized
as follows:

e We propose a repeated index modulation-OFDM
with coordinate interleaving (RIM-OFDM-CI) which
achieves better index and symbol error performance than
IM-OFDM and IM-OFDM-CI. The proposed scheme is
also more flexible in achieving the required transmission
reliability and the spectral efficiency.

e The approximated expressions for SEP of the RIM-
OFDM-CI system are derived for the case of the
Rayleigh fading channel and perfect channel state in-
formation (CSI) at the receiver.

e An efficient solution to derive the optimal constellation
rotation angle for performance optimization without
using computer search is proposed.

e Two low-complexity detectors, called the log-likelihood
ratio (LLR) and greedy (GD) detector, are proposed to
facilitate the complexity requirement while still enjoying
nearly optimal performance of the ML detector.

e Finally, various performance evaluations of the RIM-
OFDM-CI system with the proposed solutions are con-
ducted to validate the theoretical analysis and compare
its performance with related benchmark systems.

The remainder of this paper is organized as follows. Section

II describes the system model of the introduced RIM-OFDM-
CI. Detailed performance analysis and optimization is pre-
sented in Section III. Section IV introduces the low-complexity

detectors. Section V presents complexity estimation of the
proposed detectors. Simulation results are reported in Section
VI. Finally, the conclusion is given in Section VII.

Notation: Vectors and matrices are denoted by lower-case
and upper-case bold letters; C'(, ) and |-| represent the
binomial coefficient and the floor function, respectively. E{-}
is the expectation operation. (-)™ and (-)’ respectively denote
the real and imaginary parts of a complex number. The moment
generating function (MGF) notation is denoted by M (.).

II. SYSTEM MODEL

The block diagram of RIM-OFDM-CI for a typical sub-
block is depicted in Fig. 1. An N; sub-carrier OFDM system
is split into G sub-blocks of N¢ sub-carriers, i.e., Ny = GNg.
Then, each sub-block is partitioned into two clusters. Each
cluster has N sub-carriers, i.e., Ng = 2N. Since signal pro-
cessing in each sub-block is similar and independent, without
loss of generality, we will focus on a typical sub-block.

In each sub-block transmission, the incoming p data
bits are divided into two bit sequences. The first p; =
|log, (C' (N, K))| bits are sent to an index mapper to deter-
mine K out of N sub-carriers for each clusters, where K
is the number of active sub-carriers, using either a look-up
table (LUT) or the combinatorial method [2]. Similar to the
IM-OFDM system, additional data bits are transferred through
the indices of active sub-carriers. The remaining N — K sub-
carriers are set to null. The output of the index mapper is a set
of active sub-carrier indices 6 = {a1,...,ax}, where oy, is
the index of the k™ active sub-carrier with oy, € {1,..., N}
for all k € {1,2,...,K}. Let T denote the set of possible
active indices. For given N and K, there are a total of
C = 22 C(N.K)] combinations of active indices. Unlike the
IM-OFDM-CT system, RIM-OFDM-CI employs the same set
of active indices 6 for two clusters in one sub-block as shown
in Fig. 1. The index repetition can improve the accuracy of
the index detection compared to the conventional scheme at
the cost of spectral efficiency.

The pjs bit sequence is equally separated into two clusters
of p. = Klog, M bits, where M is the modulation order. By
repeating the indices of sub-carriers, we can apply coordinate
interleaving (CI) to the M-ary symbols of two clusters in
a sub-block. In particular, for cluster i, p. = Klog,M
bits are mapped into a vector of K complex data symbols
s; € CK*1 for i = 1,2. Prior to coordinate interleaving, s; is
rotated by an angle ¢ which is properly designed to achieve
the best performance for each M based on the performance
analysis as shown later in Sect. III. The rotated constellation
is denoted by S?. Let us denote s{ = [a; as ... ax]” and
s = [by by ... bx]", where ay, b, € S, ke {1,2,...,K}.
After coordinate interleaving between the symbols in s‘f and
sg from different clusters, the symbol vectors in each cluster,
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Fig. 1: Block diagram of a typical RIM-OFDM-CI sub-block.

§; € CE*1 are obtained as follows:

C1,1 ag +]b§
c1,2 ay' + jbs
S1 = : = : (D
C1,K-1 a§71 +Jb§(71
C1,K aft + jbl
Ca,1 bt + jal
C2,2 b + jad
Sp = : = : ()
C2,K-1 by +jag
Co.K bR + jal,

where j = /—1. Using 8; and 6, the transmitted codeword
of cluster i, x; = [zi1,... ,:ciN}T, can be generated, where
Tia, = Cip When oy € 0, and z;, = 0 when a ¢ 6, and
ar € {1,...,N} k € {1,...,K}, i = 1,2. An example
of the transmitted codewords for N = 4, K = 2, p; = 2
is presented in Table I. It can be seen from the proposed
scheme that the real and imaginary parts of the original M -ary
modulated symbols are transferred over different sub-carriers,
leading to an improvement of the diversity gain. In addition,
combining the index repetition and the joint coordinate inter-
leaving allows RIM-OFDM-CT to activate an arbitrary number
of sub-carriers which makes our scheme more flexible than the
conventional IM-OFDM-CI.

The OFDM sub-block creator receives x; and X5 to gen-

erate the transmitted vector per sub-block that is given by

T . . .
x = [x{ x3]". This transmit vector goes through the signal

processing of the conventional OFDM transceiver including
Inverse Fast Fourier Transform (IFFT) and cyclic-prefix (CP)
addition in the transmitter, and CP removal and Fast Fourier
Transform (FFT) at the receiver. Given that the CP is selected
longer than the maximal channel delay, the frequency-selective
fading channel is converted into multiple flat fading channels
in each sub-band. Thus, under the assumption of the Rayleigh
frequency selective fading channel, the coefficients of the sub-
band channels can be modeled by Rayleigh distributed random
variables with zero mean and variances o2,. It is worth noting
that o2, represents the sub-band channel gains which depend
on the power delay profile of the channel. In this paper, to
simplify mathematical analysis we assume that 02, = 1.

The received signal in the frequency domain can be then
expressed as

y =Hx+n, (3
T H 0
where y = [y1ye] , H = [ 01 Hg] and n =
[nT nQT}T. The components y; = [yi1,...,y:n] and H; =
diag{h;1,...,hin}, for @ = 1,2, represent the received

signal and channel matrix of cluster ¢, respectivel%l. The
noise component is given by n; = [n;,...,n;n] . The
channel coefficient and noise on each sub-carrier follow the
distributions h;, ~ CN(0,1) and n;, ~ CN(0, Ng), where
Ny represents the noise variance. Let us define the average
signal to noise ratio (SNR) per sub-carrier by ¥ = wFE/ Ny,
where wFE; denotes the average transmit power per an M-
ary modulated symbol, E{|s|?} = wE,. The power allocation
factor and the average power per sub-carrier are denoted by
w = N/K and Ej, respectively.

Therefore, the number of transmitted bits in each sub-block
is given by p = pr + pps bits, which results in the spectral
efficiency, measured in bits/s/Hz, as follows:

_ |log, (C (N, K))] +2Klog, M @
= 2N '
It can be seen that the spectral efficiency of the proposed
system is lower than that of the conventional IM-OFDM [2]
and IM-OFDM-CI [14] system. This is a drawback of the
proposed system in comparison with the IM-OFDM system
without repeated transmission.
To detect the transmitted signal, the receiver employs an
ML detector to jointly estimate the active indices and the
corresponding data symbols for both clusters as follows

(é,él,ég) = arg min ||y — Hx||7. 5)
0,s1,52

It can be seen that the complexity of the ML detector
is O (21’1M 2K ) which exponentially increases with M. For
practical implementations, we propose two low-complexity
detectors in the later section.

III. PERFORMANCE ANALYSIS
A. Symbol Error Probability Derivation

In this section, the error performance of the RIM-OFDM-
CI system under the Rayleigh fading channel is analyzed via
the symbol error probability (SEP). SEP is defined as the



TABLE I: Example of LUT for N =4, K =2, p; = 2.

Lo [ 0] x1 l x3
00 [ [1,2] | [aff+ b1 aff+4b61 0 0 b+ jal b5+ jal 0 0
o | 2,3] | [0 af+4b] af+4b% 0] | [0 o +jal b +jal O
10 [ [2,4] | [0 af 43460 0 aff +501] | [0 8% +jal 0 bF +ja§’
11 | [1,3] | [af+400 0 aff 40 0O bE+jal 0 bF+jal 0O

ratio of the total number of possible symbols in error to
the total number of transmit symbols consisting of index and
M-ary symbols, which can be mathematically expressed as
follows [10]:
Pr+ KPy
Po=—% 1 (6)
where P; and P,; are the index and M-ary symbol error
probabilities, respectively. In order to determine SEP, it is
necessary to firstly determine Pp;. Following the frame work in
[27], the average SEP for M-ary symbols of the RIM-OFDM-
CI system is given by

P = \5¢>| > D E { ( )} @
a1 ES?P ar1#ay
where () = 771A§?2+72A% and A% = |aff 2 A% = ol -

af|?. Based on the approximation of Q- functlon [28], Q(©)
can be approximated as follows:

Q (\/ﬁ) ~ %6_% + ie_%, 3)

Then, applying the moment generating function (MGF) for the

Rayleigh fading channel [29] M, (t) = (1 — 5t) ™", the MGF
of (2 is given by
1
Maq (t) = ©)

=)

Using the MGF approach, the approximated SEP for M-ary
modulated symbols of the RIM-OFDM-CI system is calcu-
lated by

Mo (-3)  Ma(-3)
12 T 4 (10)

1 1
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~
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Since different clusters in the RIM-OFDM-CI system use the
same set of active sub-carrier indices, this index repetition can
improve the accuracy of index detection.
Consequently, the average SEP of the RIM-OFDM-CT sys-
tem is approximated by

AT
3

where ¥ = K/ (K +1).
At high SNR, the average SEP in (11) is approximated by

43K 11 L
12N2 (K 1) AZAZ 52 © ((CQ%) ) (12

where coding gain ¢, is given by

N

43K 1
12(K+1) A7 A7

Remark 1: As can be seen from (12) that RIM-OFDM-CI
attains diversity order of 2. At high SNRs, for a given K, the
SEP of RIM-OFDM-CI is strongly influenced by the product
A?A%. The best SEP is achieved by minimizing the value of
1 / A, where A = A2A%. For the given M, A is affected by
the rotation angle ¢. Th1s motivates us to determine an optimal
rotation angle to minimize the error performance.

Remark 3: Based on the framework in [12], the average BER
of RIM-OFDM-CI can be approximated by

P, =

13)

Cg:

K

1 1

Pb%F - - + _
12(1+258) (14+228) 4 (14 258) (1425
where I' = K/ (pr + p¢)

(14)

B. Optimization of Rotation Angle
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Fig. 2: Rotated signal constellation for 4-QAM.

In this section, without utilizing computer search, a solution
to determine the optimal rotation angle, denoted by @y, to
minimize SEP based on the above performance analysis is
introduced. For simplicity, we only analyze in detail the case
of quadrature amplitude modulation (QAM) constellation with

i)



M = 4 as shown in Fig. 2. Following this figure, the imaginary
and real parts of the data symbol after phase rotation can be
represented by

a{{ = ucos ¢+ vsin ¢, (15)
a{ = —wu sin ¢ + v cos ¢.

Besides, following performance analysis, the minimization of
SEP becomes the minimization of the value of J function
given by

J= > Pla— ). (16)

ay#ay

According to asymptotic analysis and using (15), P (a; — a1)
can be rewritten as

P(a; = a1) < PP, 17

where P;, P are respectively given by

1
Pl:1+’_Y|(’LL*1AL)COS¢+(U*’D)Sinng’ (18)
1

14+ — (u—14)sing + (v — ) cos p|?

Py =

It can be seen that ¢ = 0 leading to a{% =u, a{ = v, then P;

and P, become

1 1

Pp=— P
I )P 1A (0 —0) P

19)

As observed from (18) and (19) that the value of ¢ strongly
decides to the error performance. It motivates us to determine
@opt such that the error performance is minimum. At the high
SNR regime, J can be approximated as

2 1 1
J =~ —. 20
(sin2 2¢ + 4 cos? 2(;6) ~? (20)

After some straight mathematical manipulations, we can cal-
culate the optimum rotation angle for 4-PSK scheme ¢op =
30°. Applying the similar process, we can determine the
following optimum values: ¢on = {45°,30°,9.5°,40°} for
M = {2,4,8,16}, respectively. Note that for M = 2 and
M = 8, the phase shift keying (PSK) is used instead of QAM.

IV. Low-COMPLEXITY DETECTORS FOR RIM-OFDM-CI

In this section, two low-complexity detectors that can
achieve the optimum and near-optimum performance of the
ML detector, called LLR and GD detection, are proposed. The
detection process is divided into two steps: the first step is to
detect the indices of active sub-carriers. Based on detected
indices, the data symbols corresponding to active sub-carriers
are recovered in the second step.

1) LLR detector: In order to estimate the indices of active
sub-carriers, the LLR detector calculates the following LLR
for each sub-carrier [16]

A (O() = |y1(¥|2 - |y1(x - hlocsm‘Q + ‘y2(x‘2 - ‘y2(x - h2a8m‘2a
(21

wherea =1,...,N,m=1,...,M, s,, € S®. Based on N
computed LLR values, the LLR detector selects the K largest
LLR values to determine the set of active sub-carrier indices.
Upon detecting the indices of active sub-carriers, the corre-
sponding data symbols can be estimated. For each active sub-
carrier set 0 = {aq,...,4xk}, we can express the received
signal for active sub-carrier & € 6, k = 1,..., K as follows

yfdk hfdk 0 0 _f}éak
y%}k _ hia, g g his,
Yaa, 0 —fg@k hgék 0
Y26 0 has,  haa, 0
R
a? "y
< | ok [+ ] e 22)
i
by, Noa,

Equation (22) can be rewritten in the vector form as follows

Yar = Ha, S, +Day, (23)
where Hs, = [Hia, I:IQO»%]T, and Hi4,, Haq, are respec-
tively given by

hE 0 0 —h!

o
5 _ | Ma, 0 5 _ 0 hia,
Hlak - O _hédk 9 H2o¢k - hQde O

(24)

Since columns 9f channel matrix I:I@k are orthogonal, data
symbols a; and b, can be detected independently by the single-
symbol ML detector as follows

_ 2
}_’dk - Hl&k [akR aé]THF7

ar = arg min ‘

st 29
(; = i ‘ Vé., — H & bR bI H .
b e 1Y 2a (b1 b F
Based on estimated symbols a; and Ek, k=1,...,K, the
symbol vectors for each cluster is recovered as
. F . T
51:[a1 as ... CLK] s
.. . 1T
8y = [bl by ... bK} . (26)

2) GD detector: Compared to LLR, GD detector differs
only in estimating the active sub-carrier set. The GD detector
estimates the K indices of active sub-carriers based on K out
of N sub-carriers which have the highest power sum of the
two groups, i.e, |y1 (@) |* + |y2 («) |?. The estimation of the
corresponding M-ary symbols is similar to that by the LLR
detector. Although the GD detection does not work well with



IM-OFDM-CI and ReMO system, it effectively supports the
proposed RIM-OFDM-CI.

The LLR and GD detection algorithms are summarized in
Algorithm 1 and Algorithm 2, respectively.

Algorithm 1 LLR Detection Algorithm

Input: y;, y2, Hy, Ho, S?, T.

Output: 0, 1, So.

: Compute N LLR values A () according to (21).

: Find K largest LLR values to estimate 6.

: for k=1 to K do T
Define ya, = [yis, Yia, Yon, Y3a.)
Compute Hy4,, Ijg&k according to (24).
Estimate aj, and by according to (25).

end for

. Generate 81, Sy according to (26).

: Output: 6, 81, So.

L e RS Rw Ny

Algorithm 2 GD Detection Algorithm

Input: y;, y2, Hy, Ho, S?, T.

Output: 0, 1, S-.

: Calculate N values of = («a):

E(a) = |y (@) |? + |y2 () |?, for a =1, e

Find K highest values of Z («) to detect

for k=1 to K do T
Define yé"z: [ygk y{@k yé%@k yé@k] :
Compute Hy4,, Hgdk according to (24).
Estimate aj, and by according to (25).

end for

Generate 81, 82 according to (26).

Output: 0, S1, Sa.

N.

)

R A AR >

=4

V. COMPLEXITY ANALYSIS

This section evaluates the computational complexity of the
proposed detectors in comparison with the ML and LowML
detectors. The complexity of the considered detectors are
expressed by the number of floating points (flops) per sub-
carriers. Assume that a real summation, real subtraction or a
real multiplication is presented by a flop. A complex sum-
mation and a complex multiplication account for 2 and 6
flops, respectively. For the LLR detector, it requires 26 M + 7
flops per sub-carrier for calculating value of A («). There is
a total of IV values of «, thus requiring 26 M N + 7N flops
to calculate N LLR values. Unlike the LLR detector, the GD
detects active sub-carrier indices based on the power sum of
the two groups, which requires 10N flops. Based on equation
(25), the detection of M-ary modulated symbols of the two
detectors is similar, which requires 94M K flops.

The ML detector searches exhaustedly for all active sub-
carrier index combinations and corresponding data symbols to
jointly detect them. Based on equation (5), the complexity of
ML detector is given by (30N — 2) C M?K where 30N — 2 is

number flops per trial, C' = 2Llog, C(N.K)] s the total number

of combinations of the active sub-carrier indices. Using the
similar estimation for LowML, the computational complexities
of RIM-OFDM-CI using various detectors are estimated and
summarized in Table II.

20
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18 LowML 1 18 LowML
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Fig. 3: Computational complexity of proposed detectors in
comparison with ML and LowML detectors.

As can be seen from Table II that the ML detector has
the highest complexity in terms of number of flops per sub-
carrier, which grows exponentially with M, while those of
the LowML, GD and LLR detectors are linearly proportional
to M. In spite of having the same detection process, the
GD detector still can reduce the computational complexity
in comparison with the LLR detector. In particular, when the
values of N, K, M are small, such as (N, K, M) = (4,2,4),
the LLR detector saves 84.16 % and 64.23 % of computational
complexity compared to the ML and the LowML detectors,
respectively. Meanwhile the complexity savings of the GD
detector compared to two benchmark detectors are up to nearly
90.51 % and 76.32 %, respectively. Interestingly, for large
N, K, M, for example (N, K, M) = (8,4,8), the LLR and
the GD detector reduce complexities of the ML by 99.58 %,
99.68 % and that of LowML by 97.68 %, 98.48 %. It can be
seen that the complexity of the LLR detector is close to that
of the GD when N, K, M are high. This statement is validated
by numerical results in Fig. 3.

VI. PERFORMANCE EVALUATIONS AND DISCUSSIONS

This section presents performance evaluations of the pro-
posed RIM-OFDM-CI scheme and low-complexity detectors
using analytical and simulation results. Assume that the chan-
nel over each sub-carrier is flat Rayleigh fading. For com-
parison, IM-OFDM [2], IM-OFDM-CI [14] and ReMO [21]
using ML, LLR and GD detectors are chosen as benchmarks.
It is worth noting that the GD detector does not help the
IM-OFDM-CI and ReMO schemes to improve the system
performance while it can work effectively with the proposed
RIM-CI-OFDM system. Interestingly, RIM-OFDM-CI using



TABLE II: Complexity comparison between ML, LowML, LLR and GD dectectors.

[ Detector | Number of flops

| Order of complexity [ (N, K, M) = (4,2,4) [ (N, K, M) = (8,4,8) |

ML (30N —2)CM*F O (NCM*F) 7,552 974,848
LowML | (2K + 20N + 94MK)C O (MCK) 3,344 203,264
LLR 26MN + TN + 94MEK O (NM) 1,196 4,728
GD 10N + 9AMK O (N) 792 3,088

the LLR detector can achieve considerably better performance
than RIM-OFDM-CI with the GD detector at the equivalent
complexity when (N, K, M) are large. For simplicity, system
configuration with K out of N active sub-carriers and modu-
lation order M is referred to as (N, K, M).
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Fig. 4: Index error performance of RIM-OFDM-CI, IM-
OFDM, IM-OFDM-CI and ReMO systems at the spectral
efficiency of 1 bit/s/Hz, M = {2,4}, N =4, K = {2,3}.

Fig. 4 compares the index error probability (IEP) of the
proposed RIM-OFDM-CI, the conventional IM-OFDM, IM-
OFDM-CI and ReMO systems at the same spectral efficiency
of 1 bit/s/Hz when M = {2,4}, N =4, K = {2,3}. Note that
in this figure and the following ones, in addition to guarantee
the same spectral efficiency, we chose K = 3 in our proposed
scheme to prove that it can operate well with an odd number
of K. It can be seen from the figure that the proposed scheme
has significantly improved IEP performance over the reference
systems. Particularly, at IEP of 104, it attains SNR gains of
about 8 dB and 5.5 dB over the IM-OFDM and IM-OFDM-
CI/ReMO systems, respectively. Since the proposed scheme
employs joint index repetition and coordinate interleaving, it
can achieve better diversity gain in the index domain than the
benchmarks.

The spectral efficiency of RIM-OFDM-CI compared to the
benchmark systems is shown in Fig. 5. The curve for RIM-
OFDM-CI was plotted using equation (4), that for IM-OFDM
using [2], IM-OFDM-CI using [14], and ReMO using [21]. It is
observed that the spectral efficiency of the proposed system is
lower than that of the conventional IM-OFDM and IM-OFDM-
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ReMO
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Spectral efficiency (bit/s'/Hz)

I I I I I
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K

Fig. 5: The spectral efficiency of the RIM-OFDM-CI system
in comparison with that of the IM-OFDM, IM-OFDM-CI and
ReMO systems when N =8, M =4 and K = {1,2,...,7}.

CI systems at all K but higher than that of ReMO for K > 2.
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Fig. 6: SEP comparison between RIM-OFDM-CI, IM-OFDM

and IM-OFDM-CI using ML detection at the spectral effi-
ciency of 1 bit/s/fHz when M = {2,4}, N =4, K = {2,3}.

Fig. 6 depicts the SEP performance comparison between
RIM-OFDM-CI, IM-OFDM, IM-OFDM-CI and ReMO sys-
tems at the same spectral efficiency of 1 bit/s/Hz for M =
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Fig. 7: SEP comparison between RIM-OFDM-CI, IM-OFDM,
IM-OFDM-CI and ReMO using ML detection at the similar
spectral efficiency for N = 4, K = 2 and appropriate M.
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Fig. 8: BER comparison between the proposed scheme and the
benchmarks when N =4, K = {2,3}, M = {2,4}.

{2,4}, N = 4, K = {2,3}. The ML detector is employed
in all considered schemes. As can be seen that at the same
spectral efficiency and SEP of 10~%, the proposed scheme
provides SNR gain of about 13 dB, 1.5 dB and 2.5 dB over
the IM-OFDM, IM-OFDM-CI and ReMO, respectively. This
achieved gain is thanks to the improved IEP performance. As
clearly shown in Fig. 4, improvement in the IEP performance
helps to reduce the data symbol errors, leading to the better
overall error performance compared to the benchmarks.

Fig. 7 illustrates the average SEP performance comparison
between the proposed scheme and the benchmark systems.
In this figure, the spectral efficiency is set to 1.25 bits/s/Hz
for IM-OFDM, IM-OFDM-CI and RIM-OFDM-CI, and 1.125
bits/s/Hz for ReMO. All schemes use the same N = 8 and
K = 2 while M is chosen appropriately for the above spectral
efficiencies. Specifically, M = 8 for IM-OFDM, IM-OFDM-

CI, M = 32 for ReMO and M = 16 for RIM-OFDM-CI. It
is observed that at the same subcarrier setting, i.e. the same
N and K, and similar spectral efficiency, the proposed RIM-
OFDM-CI scheme still attains better SEP performance than
the benchmark systems.
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Fig. 9: BER comparison between the proposed and bench-
marks at spectral efficiency of 1.25 bits/s/Hz when N = {4, 8},
K =1{2,4}, M ={2,4,8}.

The BER comparison between the proposed scheme, IM-
OFDM, IM-OFDM-CI and ReMO when N =4, K = {2, 3},
M = {2,4} is shown in Fig. 8. All considered schemes use
the same ML detection. As clearly shown in the figure, at the
same spectral efficiency of 1 bit/s/Hz, the proposed scheme
achieves better BER performance than the benchmark systems.
For example, at BER = 10~*, the proposed scheme can obtain
SNR gains of 9 dB, 2.5 dB and 0.5 dB over IM-OFDM, IM-
OFDM-CI and ReMO, respectively.
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Fig. 10: SEP performance of RIM-OFDM-CI and benchmark
systems using different detectors.Figl0

BER performance of the proposed scheme in comparison



with the benchmarks at higher spectral efficiency is shown
in Fig. 9. At the spectral efficiency of 1.25 bits/s/Hz, RIM-
OFDM-CT still outperforms the benchmark systems. Specifi-
cally, at the BER of 10~*, the proposed scheme can provide
the SNR gains of nearly 9 dB, 3 dB and 1.5 dB over the
conventional IM-OFDM, IM-OFDM-CI and ReMO, respec-
tively. Also noted from Fig. 5, Fig. 6 and Fig. 7 that at
the high SNR region, the theoretical and simulated curves
of both SEP and BER of the proposed scheme coincide for
all investigated configurations, such as (N, K, M) = (4,3, 2)
and (N, K, M) = (4,2,4). This validates the accuracy of the
analytical expression for SEP and BER of the proposed scheme
in (11) and (14).

For comparison of energy efficiency between RIM-OFDM-
CI and the benchmark schemes, we can use the method for
estimating the required SNR per a reliable transmission bit
in [9]. In order to achieve a quantitative comparison of energy
efficiency in terms of bits/Joule/Ny, this method requires ex-
tensive computer simulations to estimate the spectral efficiency
versus SNR. In contrast, for qualitative comparison, we can
use the BER curves to compare the required SNR or E/Nj
to achieve the same BER. From Figs. 8 and 9, it can be
seen that the proposed RIM-OFDM-CI scheme achieves better
BER performance over the benchmark systems. Considering
BERs smaller than 10~2, which are often required in wireless
communication systems, we can see that the proposed scheme
requires less F,/Ny compared to all benchmark ones. This
means that the proposed scheme is more efficient in terms of
energy efficiency. However, it is worth noting that the BER
improvement of the proposed scheme can only be achieved
for low-rate, i.e. spectral efficiency smaller than 1.75 bps/Hz,
systems when ML detector is used. For this reason, the pro-
posed RIM-OFDM system is more suitable for communication
systems which do not require very high transmission rate
spectral efficiency, but more reliability such as Internet of
Things, machine type communication (MTC) systems.

The SEP performance of RIM-OFDM-CI and the reference
systems using the ML, LLR, GD detectors at the same spectral
efficiency of 1.75 bits/s/Hz when M = {4,32}, N = {4,8},
K = {2,3,4} are compared in Fig. 10. It can be seen that
the conventional IM-OFDM-CI and ReMO systems do not
perform well with the LLR and GD detectors, especially GD
detector. Meanwhile, the proposed system with GD can pro-
vide better error performance than that of benchmark systems.
Since the proposed system uses index repetition, it attains
significant improvement in the index detection performance.
Thus, the index detection in the first process of GD and LLR
is more reliable. It can be observed from Fig. 10 that the
proposed scheme using LLR detector significantly outperforms
the IM-OFDM-LLR, IM-OFDM-CI-LLR and ReMO-LLR.
Particularly, at the same spectral efficiency of 1.75 bits/s/Hz
and the SEP of 10~2, RIM-OFDM-CI-LLR provides a gain of
about 6 dB, 3.5 dB and 17 dB over IM-OFDM, IM-OFDM-
CI and ReMO using LLR detector, respectively. When using
LLR, the proposed scheme also attains the same performance
of the ML detector, while having much lower complexity
compared to ML. Following the Fig. 10, we can see that
the proposed system aided GD detection also considerably

improves error performance of the benchmark systems utilizing
GD. In particular, when using GD detector, at the SEP of 1073,
the proposed scheme obtains the SNR gain of around 13 dB
over the conventional IM-OFDM and IM-OFDM-CI systems
and 19 dB over the ReMO scheme.

VII. CONCLUSION

This paper has analyzed error performance of the repeated
IM-OFDM with coordinate interleaving and proposed two low-
complexity detectors. The proposed system using two proposed
LLR and GD detectors achieved better error performance than
that of the conventional IM-OFDM-CI with LLR and GD ones.
By applying the same set of active sub-carrier indices in two
distinguishable clusters and employing coordinate interleaving
for M-ary modulated symbols, the proposed RIM-OFDM-
CI scheme can improve both the index and symbol error
performances. Thus, the proposed system provides higher
transmission reliability and attain the more flexible trade-
off between the error performance than the conventional IM-
OFDM-CI system. The derived analytical expressions provide
a helpful insight into the influence of the system parameters
on the error performance. Taking this advantage, the opti-
mum constellation rotation angle is determined to minimize
the error probability of the proposed scheme. Furthermore,
two proposed low-complexity detectors allow the system to
reduce detection complexity while enjoying comparable SEP
performance with the ML detector. The analytical and simula-
tion results clearly confirmed the advantages of the proposed
scheme over the benchmark systems, especially when using
the low-complexity detectors.
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