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Abstract—In this work, a novel index modulation scheme for
orthogonal frequency division multiplexing (IM-OFDM), referred
to as repeated index modulation with coordinate interleaved
OFDM (RIM-CI-OFDM), is proposed to improve the error
performance of the conventional IM-OFDM with coordinated
interleaving (IM-OFDM-CI) system. Unlike the conventional
scheme, RIM-CI-OFDM allows two distinguishable clusters of
sub-carriers to employ the same indices of active sub-carriers,
while the CI principle is jointly applied to the )/ -ary data symbols
from both of these clusters. As a result, the proposed scheme not
only outperforms IM-OFDM-CI in terms of index and M -ary
symbol error performances but also provides a better trade-
off between the reliability and the spectral efficiency (SE). In
addition, our scheme allows the number of active sub-carriers
to be any positive integer while it is fixed to an even number
in the conventional IM-OFDM-CI. A low complexity maximum
likelihood (lowML) detector, which enjoys the optimal error
performance as the ML detector at much lower complexity, is also
proposed. Finally, simulation results are presented to validate the
better performance of the proposed RIM-CI-OFDM and lowML
detector in comparison with benchmark schemes.

Keywords—Index modulation, IM-OF DM, coordinate interleav-
ing, ML detection.

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is
known as an effective transmission technique which has high
spectral efficiency and robustness against the frequency se-
lectivity of multi-path fading channels. Index modulation is a
special type of OFDM, which activates only a subset of sub-
carriers for transmission [1].

Different from OFDM, in the index modulated OFDM (IM-
OFDM) system, information bits are conveyed by both the M-
ary modulated symbols and indices of active sub-carriers. In
the original IM-OFDM system, a fixed number of information
bits is used to activate the sub-carriers, thus limiting its spectral
efficiency and error performance [2]. In order to resolve this
limitation, the IM-OFDM with adjusted active sub-carriers was
proposed in [1] to attain the trade-off between the spectral
efficiency and transmission reliability [1]. In order to improve
the spectral efficiency, the authors in [3] proposed the so-called
IM-OFDM-I/Q scheme which performs IM jointly on both the
in-phase and quadrature components of complex data symbols.
In another effort, the dual-mode OFDM (DM-OFDM) solution
introduced in [4] exploits inactive sub-carriers to convey
additional data bits. Different signal constellations were used
for data symbols transmitted over the active and in-active
sub-carriers. Developing this idea, the multi-mode IM-OFDM
(MM-IM-OFDM) was proposed in [5]. This scheme activates
all sub-carriers and employs the permutation of transmission

978-1-5386-7983-8/18/$31.00 ©2018 IEEE 115

modes to carry additional data bits, thus further increases the
spectral efficiency.

In order to cope with the transmission reliability issue,
a sub-carrier interleaving solution was proposed in [6] to
increase the Euclidean distance between the M -ary modulated
symbols. In [7], the interleaved sub-carrier grouping and the
achievable rate of IM-OFDM were investigated.

Recently, various efforts have also paid to analyze per-
formance of IM-OFDM systems. A tight bound for the bit
error rate (BER) of IM-OFDM was successfully derived in [8].
In [9], the authors evaluated the outage performance of the IM-
OFDM system over two-way diffused-power fading channels.
The error performance of IM-OFDM and IM-OFDM using
greedy detection under imperfect channel state information
(CSI) were investigated in [10] and [11], respectively.

In an effort to attain transmit diversity gain, the coordinate
interleaved IM-OFDM scheme in [12] distributed the real and
imaginary components of transmit complex symbols over dis-
tinctive sub-carriers. The paper [13] 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 the recent work [14], the coded IM-OFDM with
transmit diversity (TD-IM-OFDM) was proposed to increase
the reliability for index detection. To further improve the
diversity gain and error performance, the IM-OFDM concept
was extended to MIMO systems in [15], [16]. In order to
reduce complexity while still improving the diversity gain of
IM-OFDM, the study in [17] introduced the IM-OFDM with
greedy detection and diversity reception. Its BER performance
under imperfect CSI was analyzed in [18]. The repeated IM-
OFDM with transmit diversity and the closed-form expressions
for its symbol error probability were presented in [19]. More
recently, in [20], [21], different spreading matrices are utilized
to increase the diversity gain of the conventional IM-OFDM.

In this paper, aiming at improving the error performance of
the conventional IM-OFDM-CI system, we propose a repeated
index modulation with coordinate interleaved OFDM (RIM-
CI-OFDM) scheme. In our scheme, coordinate interleaving
is simultaneously applied to the A -ary modulated symbols
in two different clusters. In addition, these distinct clusters
repeatedly utilize the same set of active sub-carrier indices.
Combining coordinate interleaving and the index repetition
allows RIM-CI-OFDM to attain better index detection and
the M-ary modulated symbol error performance over the
conventional IM-OFDM-CI system, even at the same spec-
tral efficiency. Furthermore, while IM-OFDM-CI requires an
even number of active sub-carriers, our proposed scheme can
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activate an arbitrary number of sub-carriers and thus is more
flexible in terms of achieving reliability and spectral efficiency.
We also propose a low-complexity ML detector that attains the
equivalent error performance of the optimal ML detector.

The remainder of this paper is organized as follows. Section
IT describes the system model of the proposed RIM-CI-OFDM.
The low-complexity ML detector is introduced in Section III.
Section IV presents the simulation results and discussions.
Finally, the conclusion is given in Section IV.

Notation: Vectors and matrices are denoted by bold letters.
C(, ) and |-] present the binomial coefficient and the floor
function, respectively. E{-} is the expectation operation. (-)R
and ()I denote the real and imaginary parts of a complex
number, respectively.

II. SYSTEM MODEL

Consider a RIM-CI-OFDM system as illustrated in Fig. 1.
There are total N sub-carriers available to transmit m infor-
mation bits. The system is partitioned into G sub-blocks of N¢g
sub-carriers and p bits, i.e., Np. = GNg and m = Gp. Then,
each sub-block is split into two clusters of N sub-carriers,
ie., Ng = 2N. Since the operation in each sub-block is
independent, without loss of generality, we investigate only
one instead of G sub-blocks.

For each sub-block transmission, p; = |log, (C (N, K))]|
bits are sent to an index selector to determine K out of N sub-
carriers using either a look-up table (LUT) or the combinatorial
method [1]. Similar to the IM-OFDM system, an additional
number of information bits is transferred through the indices
of active sub-carriers. The inactive sub-carriers are idle. The
output of the index selector is a set of activated sub-carrier
indices 0, ie., 8 = {aq,...,ax}, where ap, € {1,...,N}

and & = {1,...,K}. Let Z denote the set of possible
active indices. For the given values of N and K, there are
total ¢ = 2UeeCWN.K)] jetive index combinations. Unlike

the conventional IM-OFDM-CI, RIM-CI-OFDM employs the
same set of active sub-carrier indices 6§ for two clusters in one
sub-block as shown in Fig. 1. It is noteworthy that such the
index repetition can improve the index error probability (IEP)
over the conventional scheme at the cost of spectral efficiency.

The remaining bits are equally separated into two clus-
ters of po = Klog,M bits. Thanks to the index repetition
between two clusters, we can jointly apply the coordinate
interleaving technique to M-ary modulated symbols from two
distinguishable clusters. For every cluster, p; = Klog, M bits
are mapped into a vector of K M-ary modulated symbols
s; € CEX! for i = 1,2. Let s; = [ay ay ... aK]T and
So = [by by ... bK]T. Prior to the coordinate interleaving,
all M-ary modulated symbols in s; are rotated by an angle
¢ which is defined based on the M-ary modulation type. Let
S? denote the rotated constellation. The values of ¢ can be
selected by the computer search method [12]. For example, the
QAM constellation size M = {2,4,16,64}, rotation angles
are respectively given by ¢ = {45°,15° 8.5° 4.5°}. After
coordinate interleaving between the symbols in s; and so
from different clusters, the symbol vectors in each cluster,
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§; € CE*1 are obtained as

[ 1,1 ] [ aft + b
1,2 ag’ + gbh
S = = (H
Cl,K—-1 ag_y + by
| k] ag + b
[ 2,1 ] [ bt + jai
2,2 by + jas
So = : = : : (2
C2,K—1 b _y +ga%_y
Co.x i bR + jal

where j = v—1. Using s; and 6, the transmitted codeword
over N sub-carriers x; = [x;1,...,%; N]T is generated. Since
only K out of N sub-carriers are activated, K symbols
corresponding to the active sub-carriers are nonzero, i.e.,
Tiay, = Ci,k When oy, € 6, and z;,, = 0 when oy, ¢ 6, where
ar={1,....,N}, k={1,...,K},i=1,2. An example of a
lookup table to determine the transmitted codewords in each
cluster when N =4, K = 2, p; = 2 is presented in Table I.
It is clear that for each data symbol within a cluster, its real
and imaginary components are transferred over different sub-
carriers. In addition, combining the index repetition and the
joint coordinate interleaving method allows RIM-CI-OFDM to
activate an arbitrary number of sub-carriers, leading to higher
flexibility in terms of the transmission reliability and spectral
efficiency compared with the conventional IM-OFDM-CI.
The OFDM sub-block creator takes into account x; and xo
to generate the transmitted signal per sub-block that is given
by x = [x7 xJ]". For each RIM-IM-OFDM sub-block, the
received signal in frequency domain can be expressed as

y =Hx +n, 3)
H 0
where y = [y1 y2]'. H = ! and n =
0 H,
[nT nﬂT. The components y; = [yi1,...,yin] and H; =
diag{h;1,...,h;n}, for i = 1,2, are the received signal and

the Rayleigh channel matrix of the i-th cluster, respectively.
The noise component vector is given by n; = [n;1,...,n;n]" .
On each sub-channel «, the channel coefficient h;, and noise
n;, are the complex Gaussian random variables that respec-
tively follow CA(0, 1) and CN(0, Ny) distributions, where Ny
represents the noise variance. The average signal to noise ratio
(SNR) per sub-carrier is determined by ¥ = wFE /Ny, where
wkF, denotes the average transmit power per M -ary modulated
symbol, i.e., E{|s|?} = wE,. The power allocation factor and
the average power per sub-carrier are respectively denoted by
w= N/K and E;.

Consequently, the total number of information bits that are
transmitted per sub-block is p = p; + 2p5 bits. As a result, the
spectral efficiency of the RIM-CI-OFDM system is given by

[log, (C (N, K))| 4+ 2Klog, M
n= 9N

[bits/s/Hz] . (4)
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Fig. 1. Block diagram of the RIM-CI-OFDM system with two clusters per sub-block.

TABLE 1. EXAMPLE OF LUT WITH N =4, K =2, p; = 2.

[m] o] <l | < |
00 | [1,2] | [aff + b1 a5 +gb5 0 O] | [bf +gai b5 +jaz O 0]
01 | [2,3] [0 alft + b7 ol + gbl ] [0 bE + gal bR + jal ]
10 | [2,4] [0 af*+ 561 0 af +]b2] [0 b4+ 90l 0 b +]a2]
11| [1,3] | [aff 4+ b1 0 aif+b5 O] | [bff +jai O b5+ jas 0]

In order to estimate the transmitted signal, the receiver
utilizes an ML detector to jointly detect the indices of active
sub-carriers and corresponding M-ary modulated symbols for
both clusters. The ML detector selects the codeword that
minimizes the decision metric as follows

(é,éhég) = argmin9751,52||y - HX||2. (5)

It can be seen that the complexity of the ML detector is
~ O (2”1M 2K ) which exponentially increases with M. In
order to reduce the computational complexity of the ML, we
propose a low-complexity ML detector in the next section.

III. Low-COMPLEXITY ML DETECTOR
For each possible combination of § = {ay,...,ax},
which is represented by 6;, where j = 1,...,2P%, 0; € I,
we can express the received signal for sub-carrier o, € 6,

where kK =1, ..., K, as follows
y{%ak hﬁyk 0 0 h’lozk
y{ak _ h{ak 0 0 hlak
yé%ak O hQ(Ik h20/k 0
v 0 hi hi 0
2ak J 20ék 20&)C j
ay! i,
I I
a n
X ; + ;}"“ (6)
by, LY
bi néak

J
Equation (6) can be rewritten as

(yoék)j = (Hak)j Sk + (ﬁak)j ’ @)
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_ _ _ T _
where (H,, ), (Fie,); (Hea,),| s (Hia,); and
(I:I2ak)j are respectively given by

hlak 0
d = |
0 hg:k iy
o
(Haa, ), = hf h%’k : @®)
o
| ey O],

Since the orthogonal property exists for the columns of channel
matrix (Hak )j, the single-symbol ML detector can be used to

independently estimate dy,, ; and lA)k,j as follows
_ 2
(Hia,), [af of]"||".

(Ftaa,), 0 1)

ay,; = argmin H(y%)j —
ar €Sy

©))

bi,; = argmin H(yak)j —
bkesd,

Upon having the results from (9), the coordinate interleav-
ing principle is applied to each pair of (ag,;,bx ;) to create
S$1,82 as in (1) and (2). Then, 81,5, and 6; are combined
to generate IV x 1 symbol vectors X; ;. The lowML detector
will make a final decision on the indices of active sub-carriers
which corresponds to the best estimated symbols by

J = argmin;{D;}, 10)

where D; = |ly1 — Hixy j|* + [ly2 — Ha%ko ;||*. Using Ji
the estimated set of active sub-carrier indices is given by 6 =
93. The M-ary modulated symbols of both clusters are then
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detected as follows

a

N 11
; (11)

Based on estimated symbols aj and Ek, where k =

1,..., K, the symbol vectors for each cluster are obtained by
. A A . T
S1 = [a1 as ... CLK] y
.. . 1T
8y = [bl by ... bK} : (12)

The low-complexity ML detection algorithm is summarized in
Algorithm 1. It can be seen that unlike the ML detector, the
proposed lowML detector has the computational complexity
of ~ O (2P M K), which linearly increases with M.

Algorithm 1 Low-complexity ML detection algorithm
Input: yl; Yo, Hla H2’ S¢5 I
Output: 0, 1, So.

1: for j =1 to 2P* do

2 for k=1to K do T

3 Define (Yo, ); = [Ulh, Yia, Yohi Yoau]; -

4 Calculate (Hlak)j, (Hgak)j as in (8).

5: Estimate ay ; and IA);W» according to (9).

6: end for .

7 From ay, ; and by ;, create Sy 5, Sz ; as in (1), (2).
8 Combine §; ;,S2 ; and ; to generate X j;, Xa_;.

9: Compute D; = Z?:l lly: — Hix; ;||%, for i =1,2.
10: end for
11: Estimate j = arg min D;

j=1,...,2P1
12: Generate OA: %, ax = ay, 5, b, = bk,}"
13: 81, 52 as in (12).

14: Output: 0, S1, Sa.

IV. SIMULATION RESULTS AND DISCUSSIONS

This section presents simulation results of the proposed
RIM-CI-OFDM and lowML detector. It is assumed that the
channel over each sub-carrier is flat Rayleigh fading. For com-
parison, IM-OFDM [1] and IM-OFDM-CI [12] are selected
as reference schemes. A system with total N sub-carriers, K
active sub-carriers and signal constellation size M is referred
to as (N, K, M).

Fig. 2 compares the index error probability (IEP) perfor-
mance of the proposed RIM-CI-OFDM, the conventional IM-
OFDM and the IM-OFDM-CI system when N = 4, K =
{2,3}, M = 2. It can be seen from the figure that the proposed
scheme achieves significantly better IEP performance than the
two reference systems. Particularly, at the IEP of 104, the
proposed scheme attains SNR gains of 8 dB and 5.5 dB
over the IM-OFDM and IM-OFDM-CI systems, respectively.
Since the proposed scheme jointly uses index repetition and
coordinate interleaving, it can achieve better diversity gain in
the index domain than IM-OFDM and IM-OFDM-CI.

Fig. 3 depicts the BER comparison among RIM-CI-OFDM,
IM-OFDM and IM-OFDM-CI systems when M = 2, N =4,
K = {2,3}. As seen from this figure, at the same spectral
efficiency and BER of 10~4, the proposed scheme provides an
SNR gain of about 10 dB and 2 dB over the two benchmark
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Fig. 2. Index error performance of the proposed RIM-CI-OFDM compared
with the conventional IM-OFDM and IM-OFDM-CI system, at the spectral
efficiency (SE) of 1 bit/s’/Hz, M = 2, N = 4, K = {2,3}.
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Fig. 3. The BER performance of the RIM-CI-OFDM in comparison with the
classical IM-OFDM and CI-IM-OFDM at the spectral efficiency of 1 bit/s/Hz
when M =2, N =4, K = {2,3}.
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Fig. 4. BER performance of the RIM-CI-OFDM scheme when using ML and
lowML with M =4, N = {4,8}, K = {3,5}.
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systems. This is because in RIM-CI-OFDM, the IEP improve-
ment, as shown in Fig. 2, allows for reduction in errors of the
M-ary modulated symbol detection, leading to improve the
overall error performance compared with benchmark schemes.

Comparison of the BER performance between ML and
lowML detectors when M = 4, N = {4,8}, K = {3,5}
is shown in Fig. 4. It can be observed from Fig. 4 that
the proposed lowML detector can achieve the same error
performance as ML, while having much lower complexity
compared with ML.

V. CONCLUSION

This paper has proposed a novel IM-OFDM scheme, named
as RIM-CI-OFDM, which provides higher reliability and flex-
ibility than the conventional IM-OFDM-CI system. By using
the same set of active sub-carrier indices in two distinguishable
clusters and jointly applying the coordinate interleaving to
M-ary modulated symbols in them, the proposed RIM-CI-
OFDM scheme can reduce both the index and symbol error
probabilities while having higher flexibility in terms of the
transmission reliability and the spectral efficiency. The pro-
posed low-complexity ML detector allows the system to reduce
further computational complexity while enjoying the optimal
BER performance. Simulation results clearly confirmed the
advantages of the proposed scheme over the IM-OFDM and
IM-OFDM-CI system.
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