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In this paper, we conduct the investigation into the performance of repeated index modulation-
orthogonal frequency division multiplexing (RIM-OFDM) system with spatial diversity comprising the
maximal ratio combining (MRC) and selection combining (SC). The considered systems, abbreviated as
RIM-OFDM-MRC and RIM-OFDM-SC, are successful in exploiting both the frequency and spatial diversi-
ties to provide improvement in the error performance of the conventional IM-OFDM system with diver-
sity reception. We find out the closed-form expressions for the index and symbol error probabilities of
RIM-OFDM-MRC and RIM-OFDM-SC under a variety of different channel conditions. We also carry out
asymptotic analysis in order to examine the system behavior under influences of system parameters
and the imperfection in channel state information (CSI). Performance evaluation through both theoretical
and simulation results demonstrates the significant performance improvement of our systems in com-
parison with the conventional IM-OFDM using MRC/SC even when channel estimation errors occur at

the receiver.

© 2019 Elsevier GmbH. All rights reserved.

1. Introduction

Orthogonal frequency division multiplexing (OFDM) is a well-
known multi-carrier modulation technique, which can eliminate
interference between symbols and provide high spectral efficiency.
Recently, researchers have shown an increased interest in intro-
ducing novel OFDM schemes to improve the performance of the
original OFDM. Several latest works may be mentioned as adaptive
modulation for space frequency block code-OFDM [1], spatial
modulation-OFDM |[2], space time block code-OFDM [3]. Addition-
ally, index modulation for OFDM (IM-OFDM) has emerged as an
advanced OFDM technique which can improve the error perfor-
mance, energy and spectral efficiency of the traditional OFDM
[4]. In comparison with OFDM, IM-OFDM only activates a number
of sub-carriers and utilizes both the M-ary modulated symbols and
indices of active sub-carriers to convey data bits.

Since the original IM-OFDM system was reported in [5], the
issue of IM-OFDM has received considerable critical attention. In
[4], the trade-off between the spectral efficiency and error perfor-
mance was insured by utilizing flexible adjustment of active sub-
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carriers. Taking care of the reliability, the authors in [6] employed
sub-carrier interleaving to expand the Euclidean distance between
the M-ary modulated symbols, thus decreased its bit error
probability.

In another approach, Fan et al. introduced the simultaneous in-
phase and quadrature index modulation for OFDM (IQ-IM-OFDM)
that could improve the spectral efficiency [7]. The work in [8]
was successful in exploiting inactive sub-carriers to transmit extra
information bits. Extending this idea, the multi-mode IM-OFDM
was reported in [9]. This proposal can further improve the spectral
efficiency by activating all sub-carriers and utilizing a variety of
distinct modes and their permutations to carry data bits.

In order to simplify the system structure, a greedy detector for
IM-OFDM was found. Beside that, its bit error rate (BER) was
analyzed in the presence of uncertain channel state information
(CSI) [10]. Researchers in [11] attempted to evaluate the impact
of channel estimation errors on the symbol error probability
(SEP) of IM-OFDM using both the maximum likelihood (ML) and
greedy detectors. Moreover, the performance investigation of IM-
OFDM schemes has been attracting a lot of interest. Particularly,
the average bit error probability of IM-OFDM was evaluated in
[4]. The mathematical expressions for BER of IM-OFDM were
successfully derived in [12]. The paper [13] examined the outage
probability of IM-OFDM over two-way diffused-power fading
channels.
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Regarding the diversity issue, the transmit diversity can be
obtained by delivering the real and imaginary parts of complex
data symbols over two separated active sub-carriers [14]. Using
a different approach, the linear constellation pre-coding for IM-
OFDM was reported in [15] to enhance not only the diversity
gain but also the spectral efficiency. The study in [16] dealt with
diversity reception for IM-OFDM combining with greedy detec-
tion for device to device communications sytems to increase
the diversity gain at low complexity. The repetition of index
symbol for IM-OFDM to achieve transmit diversity can be found
in [17].

In order to further improve the spatial diversity gain and the
reliability, a number of authors have considered the combination
between IM-OFDM and multiple input multiple output (MIMO)
systems. The MIMO-IM-OFDM scheme was found in [18]. More-
over, in [18], maximum likelihood (ML), near-ML, minimum mean
square error (MMSE) and ordered successive interference cancella-
tion (OSIC) detectors for MIMO-IM-OFDM was also proposed. In
order to exploit the diveristy of MIMO-OFDM-IM, a recent scheme
which combines MIMO-OFDM-IM with space-frequency code was
introduced in [19]. Detectors based on the sequential Monte Carlo
(SMC) were designed for MIMO-OFDM-IM which can achieve the
near-optimal error performance at low complexity in [20]. In order
to deal with multi-antenna and multi-user interference, the study
in [22] proposed the use of the turbo receiver for MIMO-IM-OFDM
system which not only efficient in equalizing, decoding, but also in
channel estimation.

Although extensive researches have been carried out on IM-
OFDM, no single study exploits simultaneously both frequency
and spatial diversities. Whilst various studies confirmed the effec-
tiveness of exploitation of spatial diversity, very little attention has
been paid to frequency diversity.

Motivated by this fact, we extend two enhanced IM-OFDM
schemes using maximal ratio combining (MRC) and selection com-
bining (SC), which are successful in simultaneous exploiting the
spatial and frequency diversities to further improve the diversity
gain and the transmission reliability of IM-OFDM with diversity
reception for D2D communications. Nevertheless, in the previous
work [21], we have not provided an analysis in much detail for
SEP performance of our proposed schemes. There has been no
detailed investigation of the impacts of system configure on the
reliability. Beside that, this study focuses on dealing only with
channel whose state information was estimated perfectly in the
receiver. For more practical scenarios, imperfect channel state
information (CSI) has much effect on the SEP performance of the
system. In the literature, various researches have focused on chan-
nel estimation for the OFDM system. Channel estimation based on
pilot symbols can be found [23,24]. However, not all sub-carriers
are activated in the IM-OFDM system, thus, the techniques applied
to the OFDM system will be different from OFDM-IM due to sub-
carrier activation that depends on the index bits. The authors in
[25] proposed a novel method with interpolation for IM-OFDM to
estimated the channel responds at activated sub-carriers. In order
to estimate the channel according to the data symbols, a number of
interpolation techniques, such as nearest interpolation, piecewise
linear interpolation, piecewise cubic Hermite, FFT interpolation
and low-pass interpolation can be utilized. In another work, the
Kalman channel estimation for the MIMO-IM-OFDM system was
proposed in [22] which attains not only efficiency but also low
complexity.

Under scenario of a point-to-point communication system
aided by IM-OFDM which requires the not only high reliability
but also low complexity and considering all of these evidences, this
paper discovers the novel IM-OFDM schemes which can consider-
ably increase the transmission reliability, even in the presence of
imperfect CSI and critically examine the dependences of the sys-

tem on the various different configurations. The main contribu-
tions of our work are summarized as follows.

e We propose new IM-OFDM schemes combining repeated trans-
mission with MRC/SC receive diversities (referred to as RIM-
OFDM-MRC and RIM-OFDM-SC), which can attain simultane-
ously spatial and frequency diversity gain.

For the purpose of analysis, the closed-form expressions for the
symbol error probability (SEP) of index symbols and M-ary
modulated symbols and average SEP for RIM-OFDM-MRC/SC
under imperfect CSI condition are successfully derived.
Asymptotic analysis for the SEP of the proposed schemes is also
conducted to investigate the effects of system parameters, com-
prising the number of active sub-carriers, receive antennas,
modulation size and channel estimation errors on the SEP.
The analytical results recommend us to select an optimum
scheme with the best performance thanks to appropriate
parameters.

The error performance of RIM-OFDM-MRC/SC are evaluated via
both simulation and analytical results. The evaluation results
prove the superior error performance of our proposed schemes
over the conventional IM-OFDM-MRC and IM-OFDM-SC at the
same spectral efficiency.

The remainder of this paper proceeds as follows. Section 2
describes the system model of the considered RIM-OFDM-MRC/
SC. The closed-form expressions of IEP and SEP in the cases of per-
fect and imperfect CSI are derived in Sections 3 and 4, respectively.
Performance evaluation is given in Section 5. Finally, Section 6 con-
cludes the paper.

Notation: Upper and lower case boldface letter stands for
matrices and column vectors, respectively, C(N, K) is the K combi-

nation of N. (.)" and |.| denote the transpose and floor operations,
respectively. E(z), M;(.) refer to the expectation operation and the
moment generating function of random variable x, respectively.

2. System model

We address an up-link SIMO-IM-OFDM system as given in
Fig. 1. The transmitter is equipped with a single antenna while
the receiver has L antennas for diversity reception. The system uses
a total of Nr sub-carriers which are separated into G sub-blocks of
N sub-carriers, i.e., N = Ng/G. In comparison with the IM-OFDM
system, each sub-block also activates only K out of N sub-carriers
and leaves the remaining sub-carriers for zero padding. However,
all active sub-carriers in our proposed scheme transmit the same
M-ary modulated symbol s. This repeated modulation over the
sub-carrier domain is used to obtain frequency diversity at the
expense of the spectral efficiency. At the receiver, MRC or SC can
be used for reception combining in order to attain spatial diversity.

For high-rate OFDM systems, the sub-carrier spacing becomes
large, making sub-blocks operate independently. Without loss of
generality, let us consider the operation of one sub-block. During
the transmission of each sub-block, input bits to the transmitter
are divided into two parts.

The first part, which comprises p; = |log,C(N,K)]| bits, are fed
to the index modulator to determine K active sub-carrier indices.
Let 0 denote the set of indices of active sub-carriers,
0 ={ou,..., 0k}, where oy € {1,...,N} represents the index of the
k-th sub-carrier, k =1,...,K. For the given N and K, there are a

total of ¢ = 21°82¢™N active index combinations. Using 6 we can

define an index symbol by a vector i = [B,,...,8y]", where g, =1
forie 0,and g; = 0fori ¢ 0. These index symbols can be generated
by the combination method [4].
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Fig. 1. Structure of the RIM-OFDM-MRC/SC transceiver.
The remaining part of input bits, which consists of p, =log,M  element hsc(k) = max;|h(k)?, for k=1,... N and nsc denotes the

bits, are used for the M-ary modulation to obtain symbol s. Based
on the index symbol and the data symbol, the transmitted signal
vector X is generated as X = 4s. Consequently, the number of trans-
mitted bits in each sub-block are equal to p = p; + p, bits, which
results in the spectral efficiency attained by

0 = 3 (10g,C(K.N)] + log,M)[bps/Hz). M

At the receiver, the received signal over N sub-carriers at the I-th
antenna is given by

yi=Hx+n =Hjis+n, (2)

where y, = [y,(1),...,y,(N))", 1=1,...,L;H, = diag(h/(1), ..., h(N))
is the channel matrix between the transmitter and the I-th receive
antenna. Each element hj(), where oo = 1,2,..., N, is anindependent
complex-valued Gaussian random variable with hj(x) ~ CA/(0,1).
The additive Gaussian noise vector n; = [n(1),...,n(N)]" has its ele-
ments (o) ~ CN(0,No), where Ny is the noise variance. It is
assumed that [E{\s|2} = @k, where E, describes the average energy
per the M-ary modulated symbol; ¢ = N/K is the power allocation
coefficient. Under this assumption, the average signal-to-noise ratio
(SNR) per active sub-carrier can be defined as y = @E,/No.

After the fast Fourier transform (FFT), either MRC or SC is used
to combine the received signals from L antennas as illustrated in
Fig. 1. The output of the reception combiner can be expressed as

y=His+n, (3)

where Yy = {Yurc,¥sc}: H = {Hurc, Hsc}, m = {yrc, Dsc}  which
depends on the receiver side employs MRC or SC. Specifically, the
combiner output in the MRC and SC scenario is described as follows.

2.0.1. RIM-OFDM-MRC

Using a weighted matrix W = H”, the output of the MRC is
given by

VYumre = Humre4S + Dire, (4)

where Hyre =WH is the equivalent channel matrix,

T
H= [HL ... 7H{] :Myrec = Wn is the noise vector at the output of

the MRC combiner, n = [n!,...,n!]"
per diversity branch.

represents the noise vector

2.0.2. RIM-OFDM-SC

The SC combiner chooses one of the diversity branches which
has the largest SNR. The output of the SC combiner is given by
Vsc = Hsc4s + nsc, where Hsc = diag(hsc(1), ..., hsc(N)) with each

noise vector at the largest SNR.

The received signal vector y is then split into G the sub-vectors
V., £=1,...,G, corresponding to the designated sub-blocks. The
sub-block signals are expressed as y, = Hg4s 4+ ng, where H, and
ng are the channel matrix and the noise vector at the sub-block
g, respectively. The ML detection are then applied to these signals
to estimate both the indices of the active sub-carriers and the M-
ary modulated symbol.

For signal recovery, a ML detector is employed to jointly estimate
the index symbols and the M-ary modulated symbol s from all trans-
mitted RIM-OFDM-MRC/SC signals. The estimated index symbol
vector and the M-ary modulated symbol vector are given by

<i,§) = arg.ISniII\W — Hus|>. (5)

3. Performance analysis Of RIM-OFDM-MRC/SC under perfect
CSI

In this section, we analyze the symbol error probability of the
two proposed schemes, i.e.,, RIM-OFDM-MRC and RIM-OFDM-SC
using the ML detection under the assumption of without channel
estimation error at the receiver. The term “symbol error probabil-
ity (SEP)” has been used to describe the ratio of the number of erro-
neous symbols to a total of number of transmitted symbols. The
SEP, denoted by P, is separated into two parts: index symbol error
probability P; and the M-ary modulated symbol error probability
Py. The respective average probabilities are denoted by P, P; and
Py

3.1. Performance analysis for RIM-OFDM-MRC

3.1.1. Index error probability

Firstly, we address the index error probability (IEP) by applying
the pairwise index error probability (PIEP) of the ML detector. By
definition, the PIEP is the probability that the detector makes a
wrong estimation on a transmitted i-th index vector by the j-th
index vector. It is supposed that the envelope of the M-ary PSK
symbol is [s| = /@E;. The PIEP can be then expressed by

o @E||[HA; — HA|>
P(4 l,)—Q( — N, ) (6)

where 4; and J; respectively represent the transmitted and the esti-
mated index vector.

Q(x) =4 [ exp (—yiz)dy is tail distribution function of the

standard normal distribution [26]. Based on distance of 2D
between 4 and 4;, Eq. (6) can be rewritten as



202 T.T.H. Le, X.N. Tran/Int. J. Electron. Commun. (AEU) 107 (2019) 199-208

D
MRC MRC
Zyid L7

P(k— %) =Q ‘Hf , (7)

where ofR¢ € 6;, GYRC € 6;, off* &M’ ¢ 6;n6;, o and & denote the
active and inactive sub-carrier; 0; and 0; represent corresponding
index sets 4;, 4;, respectively. The instantaneous SNR per sub-

carrier o is described by 7, = |h(c)>. Then, by applying the union
bound, we can attain the index error probability of 4; as follows

(9
PR < ST P — 4). (8)
=g
Therefore, the instantaneous PIEP of RIM-OFDM-MRC can be repre-
sented by

1
R S AR 55 9 (IPhY ©)

i=1 11] 1j#i

Denote the set of indices j, (j # i) by ©; such that 4; satisfies the
Hamming distance of 2 with 4;, i.e., D = 1. Let y, represent a set of
sub-carriers that their corresponding indices belong to Q;. From

Egs. (7) and (8), with P is bound by the condition
P(l,-—>ijU€Q,-),ie

i P(4 — 4j) = ZP(M — k).

j=Tji jeQ;

The approximated expression of the instantaneous PIEP in (9) can
be given by

PYRC < ZZP (4 — &)

i=1 jeQ;

where P(a — &) = Q(\/&) = Q(\/ﬁ) describes the PIEP of

incorrectly estimating an active sub-carrier aMRC ¢ ¢; by an inactive
sub-carrier GMR¢ ¢ ¢, yMRC = yMRC 4 »MRC Hence, the average PIEP of
RIM-OFDM-MRC can be attained by

ZZP (10)

11169

Ay MRC
'y

PYR€ < ZZ[E,MRC{< 2)} (11)

i=1 jeQ;

Utilizing the approximation of Q(x) ~ L e~% +le-#[27], the aver-
age PIEP can be expressed by

1 MR e
BMRC o
P, N[Eygkc{lg<12 +4€ )}, (12)

where 19:@. Applying the definition and properties of the
moment generating function (MGF): M, (z) = E,{e"?}[26]. The
MGF of yMRC can be determined by

My (2) = MH(z) = (1 - zy) 7 (13)

Accordingly, we obtain the average PIEP of RIM-OFDM-MRC as
follows

PMRC ~ 19 {M MRC( ) + 3My1%/mc (— %)]

) [ 42L 32L+1]
T2 @t et

(14)

It is apparent from Eq. (14) that the average PIEP is only effected by
N and K via j = = and ¢ = 2°%“™) without being influenced by

the modulation order M. Furthermore, with given values of N and
K, the PIEP is only affected by the index symbol 4 via >; ;n; and
the number of receive antennas L.

3.1.2. M-ary modulated symbol error probability

The M-ary SEP is the probability that the receiver mis-estimates
an M-ary modulated symbol while the indices of active sub-
carriers are detected correctly. The instantaneous SEP of the M-
ary modulated symbol is given by [26]

PYRC 2Q(, /27¥RC sin (n/M)), (15)

where yMR¢ — Z,L:]Z',leymk and oy € 0;. Then, applying the approx-

imation of Q-function [27], Py of the RIM-OFDM-MRC scheme can
be represented by

= 1 - MRC e

PMRC ~ 3 e e £ 3e3 |, (16)
where p = sin’ (m/M). Employing the MGF approach for the random
variable y¥R¢, the MGF of y¥R¢ can be given by

My (2) = M (2) = (1 - yz) ™. (17)

Eq. (16) now can be rewritten as

purc . 1 1,3 . (18)

M 6 VLK N\ LK
(1+p7) (1 +“3ﬂ>

In general, a symbol is erroneous when the index symbol and/or the
M-ary modulated symbol arefis estimated inaccurately. Thus, the
instantaneous SEP of RIM-OFDM-MRC and its average value are
given by

P ~ ;ZPM+ZPa_>a) (19)
¢ Jjey
p, ~ D1t Py (20)
2
From Eq. (14), (18) and (19), the average SEP for the RIM-OFDM-
MRC system can be approximated by
L 2L+1

PMC < i 167 2L & —2L

4l@a+n* G+y)

1 1 3

+ + (21)
2|1+ pp¥ <l+?)u{

Eq. (21) indicates that for large , P;MRC is a function of j-2. This
implies that the RIM-OFDM-MRC system can achieve diversity order
of 2L. This conclusion will be proved in the asymptotic analysis.

3.1.3. Asymptotic analysis
From (21), at high SNRs, the approximated expression for the SEP
of RIM-OFDM-MRC in the case of the perfect CSI can be written as

BMRC . (K\2L 42L+32L+1 1 2L
PS (N) N ( )(70) ’ (22)
~T(00™)
where 7y, =K7y/N is the average SNR per sub-carrier, and ¢ =1

when K =2, ¢=0 for K > 2. Eq. (22) allows us to have an impor-
tant insight into the dependence of the SEP on the system configu-
ration as in remarks below.
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Remark 1. For given values of N, K and 74, RIM-OFDM-MRC attains
the diversity order of 2L. The SEP is decreased when increasing L.
For a large L, the average SEP exponentially comes down with the
reduction of K/N. In order to improve the error performance, for a
given L, we can choose the values of N and K such that K/N is small,
i.e, select small N then small K and vice versa. Consequently, for a
given 7, the best performance of RIM-OFDM-MRC can be achieved
by jointly selecting a large L and smallest value of K/N.

Remark 2. ForK > 2, we attain PMRC ~ ‘ “ WhenK — 2,foralargelL
and given values of y,, N, K, a selection oflarge M will make the SEP
exponentially increase through p = sin® (m/M). Choosing a small

M(M = 2,4) leads to PMRC ~ ' . Hence, K > 2 or K=2 but M is
small, the SEP at large SNR mostly depends on the index symbol esti-
mation but not on estimation of the M-ary modulated symbol.

Remark 3. For given N, L and low spectral efficiency, i.e., small M,
increasing K will make the reliability of RIM-OFDM-MRC reduced.
The best performance can be attained by selecting K = 2. Never-
theless, this observation is no longer true when M is high
(M = 16). In particular, the higher K will make the error perfor-
mance better. Thus, these recommend that selecting K not higher
than 2 when M is small and high K for large M will attain the best
system configuration. In the RIM-OFDM-SC scheme, we also have
the same statement which will be verified by the simulation in
next section.

3.2. Performance analysis for RIM-OFDM-SC

3.2.1. Index error probability

For the RIM-OFDM-SC system, we apply the same calculation
methodology as for RIM-OFDM-MRC. However, RIM-OFDM-SC
only chooses the diversity branch which has the largest SNR. The
instantaneous SNR of RIM-OFDM-SC can be found out by employ-
ing the probability density function (PDF) of the effective SNR for
SC described in [16]

L /L-1 Ny

fr =53 ("7 ) ne 23)
=

It is remarkable that y3¢ = max 35, where the instantaneous SNR of

the I-th antenna at sub-carrier o is described by 7. By conducting

the inverse Laplace transform, the MGF of the random variable 3¢
can be expressed by

i

The MGF of y3¢ = 3¢ + 95C can be given by Msc(2)
(14), the PIEP of RIM-OFDM-SC is represented by

MSC

= Mﬁgc (2). Like

P < [ Mg () +3ME ()],

o B (25)
— L (PR + 3P5°),
where P;“ and P;¢ are determined by
B -1 2
o= (S sl
=0 (26)
L-1

2
PSC -1\ 3(-1)
Plz - |: ( 1 )31+3+~/:| :
=0

3.2.2. M-ary modulated symbol error probability
The same as (16), the instantaneous SEP of the M-ary modulated
symbol for the RIM-OFDM-SC system is given by
_ A
P~ (P, +3P3,). (27)

where Pi; and Py; are defined respectively by

1 K
pSC -1y (=1
PM] - |: ( 1 )l+1+p"/:| ’

=0

» K« (28)
PSC _ -1y _3(-1
PM2 - |: ( l )3l+3+4p',!:| .

=0

As a result, the close-form expression for the average SEP of RIM-
OFDM-SC is obtained by

oL?
24 12

Where each element Pi¢, P, P,
(28), respectively.

P o (P + 3P + (P?,,Cl +3P5, ) (29)

Pi¢ is determined in (26) and

4. Performance analysis Of RIM-OFDM-MRC/SC under imperfect
(&) |

4.1. Performance analysis for RIM-OFDM-MRC

In order to estimate the channel state information (CSI), the
channel estimation methods for OFDM or MIMO-OFDM are not
suitable for IM-OFDM because the sub-carrier indices are activated
corresponding to the data bits, so the use of pilot symbol sequence
is not effective to estimate channel. In the proposed scheme, the
pilot-assisted channel estimation with low-pass interpolation
(PSA-CE-LPI) can be utilized for channel estimation [25]. However,
in practice channel estimation errors can occur at the receiver. In
this section, we derive the closed-form expressions and evaluate
the SEP performance of RIM-OFM-MRC and RIM-OFDM-SC in the
presence of channel estimation error at the receiver. The receiver
utilizes the actually estimated channel matrix in place of the per-
fect Hin (3) to decode the transmitted signals. The estimated chan-

. 1T
H{} ,
fl,(N)), is the channel matrix when the CSI

T
.,E[] . where E; = (e/(1),...,e(N)),
denotes the channel estimation error matrix which has indepen-
dence with H. Their distributions follow the Gaussian law
el(o) ~ CN(0,€2), hy(o) ~ CA (0,1 — €2), where
a=1,2,...,N,€? €[0,1] represents the error variance. Using H
the received signal from L antennas is given by

nel matrix H is expressed as H = H — E, where H = [l:[{, e
for H, = diag(h,m, o

is imperfect, and E = [Ef,...

y = By = B"His + B'n = His + n, (30)

where H = B¥H and n = B¥n.
Under imperfect CSI condition, the estimated signal at the recei-
ver using the ML detector can be represented by

(4,3) :argminHy—l:Ust. (31)
S

The received signal y can be rewritten as

Y His +i, 52)
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where n= <H—l:l>/ls+n;f1: [A(1),...,aN)" and

i) ~ CN(0,Np) for o € 0;;71(ox) = e(a)s + n(o) with the distribu-
tion fi(or) ~ CN(0, (1 4 y€*)No) for o ¢ 6;.
4.1.1. Index error probability

The PIEP under the channel H is now given by

P(3; — ) = P(|ly — His|* > |ly - Higs])
P(Hﬁ”z > |- 3)s+ ﬁH2>
°) 33)

where ;=4 — 4. Assume that 0= {afoe 0, ¢ 0;},0; =
{a|oc € 0,00 ¢ 0;} and 0 = ()jJ u(}ji for i=#j=1,2,...,c. Following
Eq. (33) and after manipulations, we have

—Z*R{ﬁ”ﬁlﬁs} ~ CN<0, (Zueogl’?a +(1+ “762)2%()5’,5@)%) and

_ p<—29{{ﬁ"mﬁs} > Hi—“uijs

Hﬁ/lijsHZ = (NOZaeoﬂa>’ where ), = ?‘E(a)’z is the instantaneous

SNR of sub-carrier o under the imperfect CSI. The PIEP in (33)
now can be described by

Zote(-),j?l Zo{eaij?l%
NARETNAY I\ EE= oy M
+27'y6

P(ii— %) =Q
j;
xeoijy“
For simplicity, 32, 4 7/3,cq, 72i0 (34) is approximated to 1/2. The
i i
instantaneous PIEP always depends on the conditional PIEP
P(4 — 4), so that |63 is minimized, ie, [05=2 since
|63] = 2D > 2. Denote Q; = {j} such that |0;| = 2 and its elements

n; = |Q|. Following (9), the PIEP of RIM-OFDM-MRC in the case of
imperfect CSI can be expressed as
}; (35)

svre _ 1 PERe
P gEZZ[ET@RC Q 2+ 7€

i=1 jeQ;
where JMRC = JMRC 1 JMRC o ¢ i & € ¢/,. Then, applying the approx-
imation of Q-function [27], the PIEP of RIM-OFDM-MRC under
imperfect CSI can be rewritten as

SMRC JMRC
. 1 5503y, 1 505a
P;V[RC ~ IE\;,]\):/IRC 9 ﬁe 2(247) + Ze 3(22) . (36)

Based on the MGF definition in [26], the MGF of 7 can be expressed
as M;(z) = [1-7(1 - €é2)z] .
The MGF of p¥R¢ can be given by

-2L

My (z) = MiHz)=[1-7(1-€)z] (37)
Then, the closed-form expression for the average PIEP of RIM-
OFDM-MRC in the imperfect CSI case is represented as

R 25IRC
= ) “2(2092) T3(252)
P;V[RC < 17_ [E?I}EARC {e 2(2+,62) + 3e 3(2+,e2) }

) -1 -2
~ 12 Me (g 7) + 3 (30

9 <4+2w762 >2L+3< 6 + 3¢ >2L 38)
4479+ 7€ 6+2y+7y¢) |

12

4.1.2. M-ary modulated symbol error probability
Similar to the case of perfect CSI, the average error probability
of the M-ary modulated symbol under the imperfect CSI is given by

PYRC ~ 2Q(, [2PMRC sin (n/M)>7 (39)

where JMRC =S~ S 9y,,. Since the distribution of the noise
caused by imperfect CSI is represented as
fi(or) ~ CN'(0,No(1 + 7€%)), and K active sub-carriers transmit the
same data symbol s, the symbol s will be estimate with an instanta-
neous SNR given by % = 5, ¥/ (No(1 + 7¢2)).

Based on the approximation of Q-fuction, we have

~ 1 SMRC s
PMRC ~ g <e*””2x +3e 3 ) (40)

Applying the MGF of 7, we attain the MGF of 7M€ as follows

-LK

Miye(s) = M(5) = (1-7(1 - €)s) @1

The M-ary modulated symbol error probability of the RIM-OFDM-
MRC is given by

—

PMRC ~ ~ L 3 : (42)

M - wT N LK
6 (1+02) " (1442

3(1+7€2)
Accordingly, the average SEP for RIM-OFDM-MRC under the imper-
fect CSI can be expressed as

<4+27782 >”+3< 6 + 3762 )”
447+ 792 6+ 2y + ye?
n 1 1 N 3
12 -\ K 2 K
(1 +(]1f;g)z’p> (1 +4 aZ)”’)

3(1+7¢2)
It can be realized that when €2 = 0, P{MRC in (43) is equal to P;MRC in
(21). Especially, when €2 > 0, the SEP of RIM-OFDM-MRC is higher
than that in the perfect CSI condition, the reliability of the system
considerably decreased in comparison with the case of certain CSL

¥
MRC
P = 24

(43)

4.1.3. Asymptotic analysis

The asymptotic analysis for the SEP of RIM-OFDM-MRC under
uncertain CSI provides an important insight into the behavior of
the system when being affected by different CSIs. In large SNR,
for €2 > 0, we have

- 9 [/ 2e 2L N 3¢z \2
o241+ € 2+¢
1/ 14e\* 3¢\ X
12 (62 + wp) +3 (362 + 4wp> ’ (“44)

where o = 1 — €2. It can be seen from (44) that, for large SNRs, P;MRC
only depends on €2, N,K and M, without be affected by . Also, the
SEP increases when increasing €2. An irreducible error floor occurs
at high €? and the system does not achieve diversity gain. The same
statement can be drawn for the RIM-OFDM-SC scheme.

4.2. Performance analysis for RIM-OFDM-SC
4.2.1. Index error probability

Similar to above analysis for RIM-OFDM-SC under perfect CSI,
the MGF of 3¢ is given by
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G L1 -1
Mj,s;c(z)_L;( | )m (45)

Following (26), the approximated PIEP of RIM-OFDM-SC under the
imperfect CSI is expressed by

-1 ~sC -2
) IMI <6+3?62>}

~ ¥
SC
Pr- < *12 I:Mi,gc <7
_ D1 (pe 3B, (46)

4+ 2y¢?
12

where P§¢, PiC are determined by
psC _
pc = {

pic — {
1=

-

) <4+z~/ez><1>’_r.

1) (442982 l+4+)+7e2

—
- o

et T

1) (6437€2 )146+2)+7¢2

o

4.2.2. M-ary modulated symbol error probability
Similar to (27), the M-ary modulated SEP for RIM-OFDM-SC in
the case of imperfect CSI can be represented by

~ K~ ~
P ~ = (Pif +3P3). (48)

where PS and PiS are respectively given by

PsC
PM1

I
r
~
T
L7
!
=L
=1
L=
e
| I
. =

K
~ -1 sy
SC _ L-1 -
PM2 - ( 1 ) 4;7(1762)'," :
1=0 3143+

Accordingly, from (19), (46) and (48), the average SEP of RIM-
OFDM-SC under imperfect CSI case is represented by

C
- LZZ’” - - L -
P~ L (P +3P5) + 5 (P3, +3P%,). (50)

where T’,SIC, ﬁfzc, and T’ﬁf} , f’ﬁ,fz are given in (47) and (49), respectively.
4.3. Extention to MIMO configuration

The proposed scheme is considered under point-to-point com-
munication scenario where the complexity is significantly
required. However, this proposal can be applied to the MIMO sys-
tem where the transmitter and receiver are equipped multiple
antennas. The MIMO configuration can be implemented as in
[18]. The transmitter uses T transmit antennas and the receiver is
equipped with L receive antennas. The incoming data bits is
divided into T groups and applying the IM-OFDM principle to each
branch of MIMO transmitter, consisting of index mapping and M-
ary modulation. However, the same modulated data symbol is
transmitted over the active sub-carriers. At each branch of the
transmitter, IM-OFDM sub-block is construct and then G sub-
blocks are combined to generate IM-OFDM block.

At the receiver, the maximum likelihood (ML) detector is used
to jointly estimate the active sub-carriers and corresponding data
symbol in each sub-block. The ML detector can simultaneously
search over T transmit antennas. However, the limitation of ML
detector is the high complexity, thus we can employ the minimum

mean square error (MMSE), MMSE with log-likelihood ratio
(MMSE-LLR). In order to effectively deal with interference, ordered
successive interference cancellation (OSIC) based MMSE-LLR
(OSIC-MMSE-LLR) can be utilized as in [18].

5. Performance evaluation and discussion

This section reports the analytical and Monte-Carlo simulation
results to prove the performance of RIM-OFDM-MRC/SC systems
in the different cases of CSI. We choose the existing IM-OFDM-
MRC/SC as the reference system. It is assumed that the channel
over each sub-carrier suffers from flat Rayleigh fading. In addition,
the ML detection is utilized for all considered systems. The IM-
OFDM system with a total of N sub-carriers, K active sub-carriers
and modulation order M is referred to as (N,K,M).

5.1. Performance evaluation under perfect CSI

Fig. 2 illustrates the comparison between SEP performance of
RIM-OFDM-MRC and the IM-OFDM-MRC [16] at the spectral effi-
ciency of 1 bps/Hz and 1.25 bps/Hz. As realized from Fig. 2, at the
same and even the larger spectral efficiency, the transmission reli-
ability of proposed scheme outperforms the reference system.
Comparing the two results, it can be seen that at the spectral effi-

ciency of 1.25 bps/Hz and the SEP of 10, the RIM-OFDM-MRC
achieves SNR gains of more than 6 dB over IM-OFDM-MRC. A pos-
sible explanation for this might be that the RIM-OFDM-MRC uses
L = 2 receive antennas, it can achieve the maximum diversity order
of 2L = 4. The performance improvement is attained by jointly
attaining the frequency and spatial diversity. The proposed scheme
achieves double diversity gain compared with that of IM-OFDM-
MRC which exploits the spatial diversity only. Analytical bounds
are tightly close with the simulation curves in high SNRs for differ-
ent configurations. The exact expressions in (21) and (22) are thus
verified. The asymptotic analysis result in (22) has proved that the
maximum diversity order of RIM-OFDM-MRC is limited to 2L and
the same observation is attained for RIM-OFDM-SC as in the fol-
lowing Fig. 3.

Fig. 3 compares between the SEP performance of the RIM-
OFDM-SC and the IM-OFDM-SC system with N=4, K=2, L =2
and M = {4, 8}. It can be observed that at higher spectral efficiency,
the RIM-OFDM-SC system also achieves substantially enhanced

AY AY T T T

—&— IM-OFDM-MRC, (4,2,4)

Q —B— RIM-OFDM-MRC, (4,2,4) Sim
\ - B - RIM-OFDM-MRC, (4,2,4) Theo |
. —-B-- RIM-OFDM-MRGC, (4,2,4) Asym
h —E— RIM-OFDM-MRC, (4,2,8) Sim
- © - RIM-OFDM-MRC, (4.2,8) Theo
—-©-— RIM-OFDM-MRC, (4,2,8) Asym
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S
&
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Fig. 2. SEP comparison between RIM-OFDM-MRC and the conventional IM-OFDM-
MRCforN=4, K=2,L=2, M= {4,8}.
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100 T T
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Fig. 3. SEP performance of RIM-OFDM-SC in comparison with IM-OFDM-SC for
N=4,K=2, L=2 M={4,8)}.

SEP performance in comparison with the IM-OFDM-SC. In particu-
lar, an improvement of 2 dB can be achieved at the SEP of 10°*.,

As realized from Fig. 3, with different M, N, L and K, the curves
obtained by the approximated SEPs given in (29) matches well
with simulation ones. This certainly verifies our theoretical
analysis.

The relationship between the index error probability (IEP) of
RIM-OFDM-MRC/SC and the modulation order M in comparison
with IM-OFDM-MRC/SC is presented in Fig. 4. As shown in this fig-
ure, no differences were found among the IEPs when increasing M.
This result may be explained by the fact that the IEP does not depend
on the modulation order M, but only on the energy per symbol, i.e.,
@E;. The IEP performance of the two proposed schemes outperforms
that of IM-OFDM-MRC/SC by about 2 dB. Beside that, the very tight
IEP curves in the figure verifies our analysis in (14) and (25).

Impacts of the number of spatial diversity branches on the SEP
of the proposed systems can be found in Fig. 5. It can be seen that
the SEP performance of both RIM-OFDM-MRC and RIM-OFDM-SC
are significantly improved when increasing the number of spatial
diversity branches. In addition, the SEP performance curves of
the two schemes have the same gradient, which implicates that
they have the equal diversity order. Remark 1 is validated. Never-

—B— IM-OFDM-MRC, (4,2,4)
—O— IM-OFDM-SC, (4,2,4)
—P— RIM-OFDM-MRC, (4,2,2)
—6— RIM-OFDM-MRC, (4,2,4)
—&— RIM-OFDM-MRC, (4,2,8)

RIM-OFDM-MRC, (4,2,16) |
—>— RIM-OFDM-SC, 4,2,2) 1
—O—RIM-OFDM-SC, (4.2,4) |z
—O— RIM-OFDM-SC, (4,2,8) |-

RIM-OFDM-SC, (4,2,16)
— = = Theoretical

IEP

0 5 10 15 20
Es/No (dB)

Fig. 4. The relationship between the index error probability of RIM-OFDM-MRC/SC
and the modulation order M in comparison with IM-OFDM-MRC/SC for
N=4,K=2M={2,4,8,16}.

—— RIM-OFDM-MRC, L=1
- ¥ = RIM-OFDM-SC, L=1
—<— RIM-OFDM-MRC, L=2
-« - RIM-OFDM-SC, L=2
—&— RIM-OFDM-MRC, L=4
- @ - RIM-OFDM-SC, L=4
RIM-OFDM-MRC, L=6
RIM-OFDM-SC L=6 |3

<

Average SEP

<
&

<
IS
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Fig. 5. Impact of L on the SEP performance of RIM-OFDM-MRC and RIM-OFDM-SC
forM=4, N=4, K=2and L ={1,2,4,6}.

theless, the RIM-OFDM-MRC system attains better performance

than RIM-OFDM-SC. Particularly, at SEP of 10~*, RIM-OFDM-MRC
gains 3 dB over RIM-OFDM-SC. Whereas, the scheme using SC
can achieve lower complexity than the MRC. Thus, depending on
each specific system, either MRC or SC is selected flexibly.

Figs. 6 and 7 illustrate the influence of the number of active sub-
carriers on the SEP of RIM-OFDM-MRC and RIM-OFDM-SC. We can
see that at the same spectral efficiency, the average SEP of the RIM-
OFDM-MRC system increases with increasing K. The best SEP per-
formance can be achieved when K = 2. The same observation also
can be made for RIM-OFDM-SC. Hence, this recommends to choose
K not larger than 2 for the best RIM-OFDM-MRC/SC configuration.
However, this statement is no longer true when the spectral effi-
ciency is not the same as illustrated in Figs. 6 and 7. While small
K is the best selection when system uses low modulation order,
i.e., small M. At a large M, the best SEP performance is attained with
a large K. In conclusion, the best configuration should be designed
with K not larger than 2 for small M, (M < 8) and large K for large
M, (M > 16). This validates Remark 3.

The influence of modulation size on the SEP of RIM-OFDM-MRC/
SC when N=5, K=4, and M = {2,4,8,16,32} can be found in
Fig. 8. As shown in this figure, at high SNRs, very little difference

0
10 —B— RIM-OFDM-MRC, (8,2,8)
—O— RIM-OFDM-MRC, (8.3.4)
—O— RIM-OFDM-MRC, (8,4.2)
- —%— RIM-OFDM-MRC, (8.5.4)
—— RIM-OFDM-MRG, (5,2,4)
—O— RIM-OFDM-MRC, (5,3.4)
—O— RIM-OFDM-MRC, (5,4.4)
o 102k —B— RIM-OFDM-MRC, (5.2,16)
& —4— RIM-OFDM-MRC, (53,16)
i —@— RIM-OFDM-MRC, (5,4,16)
&
-
< 10%F E
104k E
10° ! !
0 5 10 15 20 25

Es/No (dB)

Fig. 6. The SEP performance of RIM-OFDM-MRC under influence of K for
M ={2,4,8,16}, N={5,8}, K ={2,3,4,5}.
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Fig. 7. The SEP performance of RIM-OFDM-SC under influence of K when

M ={2,4,8,16},N = {5,8}, K = {2,3,4,5).
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Fig. 8. Influence of modulation size on the SEP of RIM-OFDM-MRC/SC for
N=5 K=4,and M = {2,4,8,16,32}.

can be found in the SEPs of both RIM-OFDM-MRC/SC when the value
of M is small (M < 8). The significant difference was only evident
when M > 16. This means that the SEP is unaffected by modulation
order when M is small, it is only affected by the index estimation.

5.2. SEP performance evaluation under imperfect CSI condition

Fig. 9 and 10 depict the SEP performance of RIM-OFDM-MRC and
RIM-OFDM-SC when channel estimation errors occur at the receiver
with error variance €? = {0.01,0.05}. Importantly, even under
imperfect CSI condition, RIM-OFDM-MRC/SC still achieves better
SEP performance than the conventional IM-OFDM-MRC/SC at the
same spectral efficiency. Since the value of €? is fixed, the error floor
occurs in both the RIM-OFDM-MRC and RIM-OFDM-SC schemes.
The analytical results in Egs. (43) and (50) close tightly with the sim-
ulation results. This validates the theoretical derivation.

5.3. Comparison of the computational complexity

The calculation complexity of proposed scheme is investigated
by the number of floating point operations (flops) per sub-block.
Assume that a flop can stands for a real subtraction, a real multipli-
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—+&— RIM-OFDM-MRC, (4,2,8)
= = = Theoretical
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Fig. 9. SEP performance of RIM-OFDM-MRC in comparison with IM-OFDM-MRC
under imperfect CSI when N =4, K =2, M = {4,8}, and €% = {0.01,0.05}.

100 T T T
IM-OFDM-SC, (4.2.4)
—6— RIM-OFDM-SC, (4,2,4) Sim
= © = RIM-OFDM-SC, (4,2,4) Theo |
—&— RIM-OFDM-SC, (4,2,8) Sim
- & - RIM-OFDM-SC, (4,2,8) Theo

102 F

Average SEP
>
w

104 F
105 F p
106

0 5 10 15 20 25 30 35 40

Es/No (dB)

Fig. 10. SEP performance of RIM-OFDM-SC in comparison with IM-OFDM-SC under
imperfect CSI when N =4, K =2, M = {4,8}, and € = 0.01.

cation, or a real summation. A complex summation and a complex
multiplication are presented by 2 flops and 6 flops, respectively.
Based on these assumptions, the complexity is calculated as follows

Crim—orpM-mrc = 2N + 6LN + (4N + 2NL + 5)cM* + cM* — 1. (51)
Cim_orom-mre = 6LN + (2N + 2NL + 5)cM* + cM* — 1. (52)
Crim—orom_sc = 8N + N(5L — 1) 4 (6N + 5)cM* + cM* — 1. (53)
Civ_orom—sc = 6N + N(5L — 1) + (4N + 5)cM* + cM¥ — 1 (54)

It can be seen that the proposed scheme has higher computa-
tional complexity than the IM-OFDM with diversity reception. It
lies on 2N flops of the repetition of transmitted data symbols at
the transmitter. It is also the limitation of our proposal. The pro-
posed scheme can achieve a much better error performance at
not much higher complexity than the IM-OFDM-MRC/SC. Beside
that, RIM-OFDM-MRC has the larger complexity than RIM-OFDM-
SC.

6. Conclusions

This paper has clarified the advantage of two enhanced IM-
OFDM schemes, namely RIM-OFDM-MRC and RIM-OFDM-SC,
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which can outperform the conventional IM-OFDM-MRC and IM-
OFDM-SC system at the same spectral efficiency thanks to simulta-
neously achievable spatial and frequency diversities. Using mathe-
matical approximations, we have also successfully determined the
closed-form expressions of the index and symbol error probability
for both RIM-OFDM-MRC and RIM-OFDM-SC under different con-
ditions of channel state information.

The theoretical results have important implications as a conve-
nient framework for examining the system reliability under vari-
ous configurations and channel conditions. The analytical and
simulation results also prove that our proposed schemes can yield
substantially better performance than the benchmark systems at
the same spectral efficiency even when CSI is known incorrectly
at the receiver. With their simplicity and effectiveness, the pro-
posed schemes can be suitable for the wireless applications that
require low complexity and high transmission reliability.
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