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Abstract—Orthogonal frequency division multiplexing with
index modulation (OFDM-IM) is a novel multicarrier transmission technique which has been proposed as an alternative to
classical OFDM. The main idea of OFDM-IM is the use of the indices of the active subcarriers in an OFDM system as an additional
source of information. In this work, we propose multiple-input
multiple-output OFDM-IM (MIMO-OFDM-IM) scheme by
combining OFDM-IM and MIMO transmission techniques. The
low complexity transceiver structure of the MIMO-OFDM-IM
scheme is developed and it is shown via computer simulations that
the proposed MIMO-OFDM-IM scheme achieves signiﬁcantly
better error performance than classical MIMO-OFDM for several
different system conﬁgurations.
Index Terms—5G wireless networks, index modulation, MIMO
systems, MMSE detection, OFDM, V-BLAST.

I. INTRODUCTION

O

RTHOGONAL frequency division multiplexing
(OFDM) has become the most popular multicarrier signaling format for high-speed wireless communications and has
been included in many standards such as Long Term Evolution
(LTE), IEEE 802.11 wireless local area network (WLAN)
and digital video broadcasting (DVB). Due to its efﬁcient
implementation and robustness to the frequency selectivity,
OFDM and its combination with multiple-input multiple-output
(MIMO) systems unsurprisingly appears as a strong alternative
for 5G networks [1].
OFDM with index modulation (OFDM-IM) is a recently proposed novel scheme which transmits information not only by
-ary constellation symbols, but also by the indices of the active subcarriers which are activated according to the incoming
information bits [2]. Subcarrier index modulation techniques
for OFDM [2]–[4] have attracted considerable attention from
researchers and have been investigated in some recent studies
due to interesting trade-offs they offer in error performance
and spectral efﬁciency compared to classical OFDM systems
[5]–[11]. The bit error probability of OFDM-IM is analytically derived in [5]. The spectral efﬁciency of OFDM-IM is
improved by selecting the active subcarriers in a more ﬂexible
way in [6], where index modulation is applied for both in-phase
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and quadrature components of the subcarriers. In [7] and [8],
the authors deal with the problem of selecting the optimal
number of active subcarriers in OFDM-IM. More recently,
OFDM-IM is combined with coordinate interleaving to achieve
additional diversity gains in [9]. However, the combination
of OFDM-IM and MIMO transmission techniques remains an
open and interesting research problem.
In this study, we propose MIMO-OFDM with index modulation (MIMO-OFDM-IM) as an efﬁcient alternative multicarrier
transmission scheme for 5G networks by combining MIMO
and OFDM-IM transmission techniques. In the proposed
scheme, each transmit antenna transmits its own OFDM-IM
frame as in Vertical Bell Labs layered space-time (V-BLAST)
scheme [12], and at the receiver side, these OFDM-IM frames
are separated and demodulated using a novel and low complexity minimum mean square error (MMSE) detection and
log-likelihood ratio (LLR) calculation based detector. It is
shown via computer simulations that the MIMO-OFDM-IM
scheme achieves signiﬁcantly better bit error rate (BER) performance than classical V-BLAST type MIMO-OFDM for
several MIMO conﬁgurations.
The rest of the letter is organized as follows. In Section II,
the system model of MIMO-OFDM-IM is presented. In
Section III, receiver structure of the MIMO-OFDM-IM scheme
is given. Simulation results are provided in Section IV. Finally,
Section V concludes the letter.1
II. SYSTEM MODEL OF MIMO-OFDM-IM
The block diagram of the MIMO-OFDM-IM transceiver
is shown in Fig. 1. We consider a MIMO system employing
transmit and
receive antennas. As seen from Fig. 1, for
information
the transmission of each frame, a total of
bits
bits enter the MIMO-OFDM-IM transmitter. These
are ﬁrst split into groups and the corresponding
bits are
processed in each branch of the transmitter by the OFDM index
modulators. The incoming information bits are used to form
OFDM-IM block
,
the
in each branch of the transmitter, where
is the size of the fast Fourier transform (FFT) and
. According to the OFDM-IM prinbits are split into groups each containing
ciple [2], these
bits, which are used to form OFDM-IM subblocks
,
of length
1Notation: Bold, lowercase and capital letters are used for column vectors
and
denote the th column and the th
and matrices, respectively.
and
denote transposition
main diagonal element of , respectively.
is the identity matrix with dimenand Hermitian transposition, respectively.
and
denotes a diagonal matrix.
stands for the Eusions
and
stands
clidean norm. The probability of an event is denoted by
represents the distribution of a circularly
for expectation.
with variance
.
stands for
symmetric complex Gaussian r.v.
is the ﬂoor function. denotes -ary signal
the binomial coefﬁcient and
constellation. denotes the ring of complex numbers.

1070-9908 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

2260

IEEE SIGNAL PROCESSING LETTERS, VOL. 22, NO. 12, DECEMBER 2015

Fig. 1. Transceiver Structure of the MIMO-OFDM-IM Scheme for a
TABLE I
REFERENCE LOOK-UP TABLE FOR

AND

TABLE II
REFERENCE LOOK-UP TABLE FOR

AND

. According
, where
bits, only
to the corresponding
out of
available subcarriers are selected as active by the
index selector at each subblock , while the remaining
subcarriers are inactive and set to zero. On the other hand, the
bits are mapped onto the considremaining
-ary signal constellation. Therefore, unlike classical
ered
MIMO-OFDM,
contains some zero terms
whose positions carry information for MIMO-OFDM-IM.
In this study, active subcarrier index selection is performed
by the reference look-up tables at OFDM index modulators of
the transmitter. The considered reference look-up tables for
are given in Tables I and II,
and
for
. As seen from
respectively, where
and
, the incoming
bits can
Table I, for
be used to select the indices of the two active subcarriers out
of four available subcarriers according to the reference look-up
.
table of size
The OFDM index modulators in each branch of the transmitter obtain the OFDM-IM subblocks ﬁrst and then concatenate these subblocks to form the main OFDM blocks
. In order to transmit the elements of the subblocks
block interleavers
are
from uncorrelated channels,
employed at the transmitter. The block interleaved OFDM-IM
are processed by the inverse FFT
frames
. We assume that
(IFFT) operators to obtain
the time-domain OFDM symbols are normalized to have unit
for all . After the addition of
energy, i.e.,
samples, parallel-to-serial and digital-tocyclic preﬁx of
analog conversions, the resulting signals sent simultaneously

MIMO System.

from transmit antennas over a frequency selective Rayleigh
represents the -tap
fading MIMO channel, where
wireless channel between the transmit antenna and the receive
antenna , whose elements are independent and identically dis. Assuming the wireless channels retributed with
main constant during the transmission of a MIMO-OFDM-IM
, after removal of the cyclic preﬁx and
frame and
performing FFT operations in each branch of the receiver, the
input-output relationship of the MIMO-OFDM-IM scheme in
the frequency domain is obtained as
(1)
for
, where
is the vector of the received signals for receive antenna ,
represents the frequency response of the
wireless channel between the transmit antenna and receive
is the vector of noise samantenna , and
and
follow
and
ples. The elements of
distributions, respectively, where
denotes
the variance of the noise samples in the frequency domain,
which is related to the variance of the noise samples in the
. We deﬁne the
time domain as
where
signal-to-noise ratio (SNR) as
[joules/bit] is the average transmitted
energy per bit. The spectral efﬁciency of the MIMO-OFDM-IM
[bits/s/Hz], which is equal to
scheme is
times that of the OFDM-IM scheme.
III. DETECTION OF MIMO-OFDM-IM SCHEME
After block deinterleaving in each branch of the receiver, the
received signals are obtained for receive antenna as
(2)
where
and
are deinterleaved versions of
and
,
respectively. The detection of the MIMO-OFDM-IM scheme
can be performed by the separation of the received signals in (2)
as
,
for each subblock
,
,
for which we obtain
(3)
, where
is the
for
vector of the received signals at receive antenna for subbblock
,
is the OFDM-IM subblock
for transmit antenna ,
and
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. The use of the block interleaving ensures that
, i.e., the subcarriers
in a subblock are affected from uncorrelated wireless fading
.
channels for practical values of
A straightforward but costly solution to the detection problem
of (3) is the use of maximum likelihood (ML) detector which
can be realized for each subblock as

(4)
As seen from (4), the ML detector has to make a joint search
over all transmit antennas due the interference between the subblocks of different transmit antennas. Since
has
different realizations, the total decoding complexity of the ML detector in (4), in terms of complex multiplications (CMs), is
per subblock, which becomes impractical for higher
order modulations and MIMO systems. Instead of the exponentially increasing decoding complexity of the ML detector, we
propose a novel MMSE detection and LLR calculation based
detector, which has a linear decoding complexity as that of classical MIMO-OFDM with MMSE detection.
For the detection of the corresponding OFDM-IM subblocks
of different transmit antennas, the following MIMO signal
model is obtained from (3) for subcarrier of subblock :
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where
is the MMSE esti. The MMSE estimate of MIMO-OFDM-IM
mate of
can be obtained
subblocks
as
by rearranging the elements of
for
and
. As mentioned earlier, unlike classical
contains some zero terms, whose positions
MIMO-OFDM,
carry information; therefore, independent detection of the
(with linear decoding complexity) is not
data symbols in
a straightforward problem for the proposed scheme. As an
to the
example, rounding off individually the elements of
closest constellation points (the elements of
for the
proposed scheme) as in classical MIMO-OFDM may result a
catastrophic active index combination that is not included in
the reference look-up table, which makes the recovery of index
bits impossible.
selecting
In order to determine the active subcarriers in , the LLR
detector of the proposed scheme calculates the following ratio
which provides information on the active status of the corresponding subcarrier index of transmit antenna :
(8)
, where
. Using Bayes formula and
for
dropping the constant terms in (8), we obtain
(9)

..
.

..
.

..
.

..
.

..

.

which requires the conditional statistics of
. Howare
ever, due to successive MMSE detection, the elements of
still Gaussian distributed but have different mean and variance
values. Let us consider the mean vector and covariance matrix
conditioned on
, which are given as
of

..
.

..
.
(5)

for
and
, where
is the received signal vector,
is the corresponding channel matrix
which contains the channel coefﬁcients between transmit and
receive antennas and assumed to be perfectly known at the receiver,
is the data vector which contains the simultaneously
transmitted symbols from all transmit antennas and can have
zero terms due to index selection in each branch of the transis the noise vector. For classical MIMO-OFDM,
mitter and
the data symbols can be simply recovered after processing the
received signal vector in (5) with the MMSE detector. On the
other hand, due to the index information carried by the subblocks of the proposed scheme, it is not possible to detect the
for a given subcartransmitted symbols by only processing
succesrier in the MIMO-OFDM-IM scheme. Therefore,
sive MMSE detections are performed for the proposed scheme
using the MMSE ﬁltering matrix [13]

(10)
where
, and

is an all-zero vector except its th element is

(11)
is a diagonal matrix whose th diagonal element is zero. From
are obtained
(10), the conditional mean and variance of
as
(12)
Combining (9) and (12), the LLR for the th subcarrier of th
transmitter for subblock g can be calculated as

(6)
, where
,
and
due to zero terms in
come from the
given in (5) with
index selection. By the left multiplication of
, MMSE detection is performed as
for

(7)

(13)
,
and
.
for
LLR values for a given subblock
After the calculation of
and transmit antenna , in order to determine the indices of
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Fig. 2. Performance comparison of MIMO-OFDM and MIMO-OFDM-IM (
,
) for BPSK modulation
, MMSE/ML detection.

Fig. 3. Performance comparison of MIMO-OFDM and MIMO-OFDM-IM (
,
) for QPSK modulation
, MMSE detection.

the active subcarriers, the LLR detector calculates the following
according to the look-up table:
LLR sums for
, where
denotes
the possible active subcarrier index combinations. As an ex,
,
ample, for Table I, we have
and
. The LLR detector determines the active subcarriers for a given subblock and transmit antenna as
and
. The -ary
symbols transmitted by the active subcarriers are determined
with ML detection as
(14)
for
, where the metrics in (14) were calculated
in (13) and do not increase the decoding complexity. After this
bits are recovered from the look-up
point, index selecting
table and -ary symbols are demodulated to obtain the corinformation bits. The total number of CMs perresponding
formed in (6)-(14) for the MIMO-OFDM-IM scheme is
per subcarrier while this value is equal to
for classical MIMO-OFDM, where the
decoding complexity of both schemes increases linearly with redue to MMSE detection.
spect to
IV. SIMULATION RESULTS
In this section, we provide computer simulation results for MIMO-OFDM-IM and classical V-BLAST type
MIMO-OFDM schemes employing BPSK, QPSK and 16-QAM
,4 and 16) modulations and MMSE detection. We con(
MIMO conﬁgurations:
sider three different
and
. The following OFDM parameters are assumed in all
.
Monte Carlo simulations:
In Fig. 2, we compare the BER performance of the proposed
MIMO-OFDM-IM scheme for
with classical
at same spectral efﬁciency values.
MIMO-OFDM for
As seen from Fig. 2, the proposed scheme provides signiﬁcant
BER performance improvement compared to classical MIMOOFDM, which increases with higher order MIMO systems. As
an example, the MIMO-OFDM-IM scheme achieves approximately 10 dB better BER performance than classical MIMOfor the
MIMO system.
OFDM at a BER value of

Fig. 4. Performance comparison of MIMO-OFDM and MIMO-OFDM-IM (
,
) for 16-QAM
, MMSE detection.

In Figs. 3 and 4, we extend our simulations to higher spectral efﬁciency values and compare the BER performance of the
with
proposed MIMO-OFDM-IM scheme
and 16, respectively. As
classical MIMO-OFDM for
seen from Figs. 3 and 4, the proposed scheme still maintains its
advantage over classical MIMO-OFDM in all considered conﬁgurations. It is interesting to note that the proposed scheme has
the potential to achieve close or better BER performance than
the reference scheme, even using a lower order MIMO system
in most cases.
V. CONCLUSIONS AND FUTURE WORK
A novel scheme called MIMO-OFDM with index modulation
has been proposed as an alternative multicarrier transmission
technique for 5G networks. It has been shown via extensive
computer simulations that the proposed scheme can provide
signiﬁcant BER performance improvements over classical
MIMO-OFDM for several different conﬁgurations. The following points remain unsolved in this study: i) performance
analysis, ii) the selection of optimal and values, iii) diversity techniques for MIMO-OFDM-IM, and iv) implementation
scenarios for high mobility.
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