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Abstract—Multiple-input multiple-output orthogonal frequency
division multiplexing with index modulation (MIMO-OFDM-IM)
is a novel multicarrier transmission technique which has been pro-
posed recently as an alternative to classical MIMO-OFDM. In this
scheme, OFDM with index modulation (OFDM-IM) concept is
combined with MIMO transmission to take advantage of the ben-
efits of these two techniques. In this paper, we shed light on the
implementation and error performance analysis of the MIMO-
OFDM-IM scheme for next generation 5G wireless networks. Max-
imum likelihood (ML), near-ML, simple minimum mean square
error (MMSE) and ordered successive interference cancellation
(OSIC) based MMSE detectors of MIMO-OFDM-IM are pro-
posed, and their theoretical performance is investigated. It has been
shown via extensive computer simulations that MIMO-OFDM-
IM scheme provides an interesting tradeoff between error perfor-
mance and spectral efficiency as well as it achieves considerably
better error performance than classical MIMO-OFDM using dif-
ferent type detectors and under realistic conditions.

Index Terms—QOFDM, index modulation, MIMO systems, max-
imum likelihood (ML) detection, minimum mean square error
(MMSE) detection, V-BLAST, 5G wireless networks.

I. INTRODUCTION

RTHOGONAL frequency division multiplexing (OFDM)
O is one of the most popular multicarrier transmission tech-
niques to satisfy the increasing demand for high data rate wire-
less communications systems. OFDM technologies have be-
come an integral part of many standards such as Long Term
Evolution (LTE), IEEE 802.11x wireless local area network
(LAN), digital video broadcasting (DVB) and IEEE 802.16e-
WiMAX due to their efficient implementation and robustness to
inter-symbol interference.

Multiple-input multiple-output (MIMO) transmission tech-
niques have been widely studied over the past decade due to
their advantages over single antenna systems such as improved
data rate and energy efficiency. Spatial modulation (SM), which
is based on the transmission of information bits by means of the
indices of the active transmit antennas of a MIMO system [1],
is one of the promising MIMO solutions towards spectral and
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energy-efficient next generation communications systems [2].
SM has attracted significant attention by the researchers over
the past few years [3]-[8] and it is still a hot topic in wireless
communications [9].

OFDM with index modulation (OFDM-IM) [10] is a novel
multicarrier transmission technique which has been proposed as
an alternative to classical OFDM. Inspiring from the SM con-
cept, in OFDM-IM, index modulation techniques are applied
for the indices of the available subcarriers of an OFDM system.
In OFDM-IM scheme, only a subset of available subcarriers
are selected as active according to the information bits, while
the remaining inactive subcarriers are set zero. In other words,
the information is transmitted not only by the data symbols se-
lected from M -ary signal constellations, but also by the indices
of the active subcarriers. Unlike classical OFDM, the number
of active subcarriers can be adjusted in the OFDM-IM scheme,
and this flexibility in the system design provides an interest-
ing trade-off between error performance and spectral efficiency.
Furthermore, it has been shown that OFDM-IM has the potential
to achieve a better error performance than classical OFDM for
low-to-mid spectral efficiency values. Due to its adjustable num-
ber of active subcarriers, OFDM-IM can be a possible candidate
not only for high-speed wireless communications systems but
also for machine-to-machine (M2M) communications systems
which require low power consumption.

Subcarrier index modulation concept for OFDM [10]-[12]
has attracted significant attention from the researchers over the
past two years and it has been investigated in some very recent
studies [13]-[22]. A tight approximation for the error perfor-
mance of OFDM-IM is given in [13]. By the selection of active
subcarriers in a more flexible way to further increase the spec-
tral efficiency, OFDM-IM scheme is generalized in [14]. The
problem of the selection of optimal number of active subcar-
riers is investigated in [15] and [16]. In [17], subcarrier level
block interleaving is introduced for OFDM-IM in order to im-
prove its error performance by taking advantage of uncorrelated
subcarriers. In [18], OFDM-IM with interleaved grouping is
adapted to vehicular communications. OFDM-IM is combined
with coordinate interleaving principle in [19] to obtain addi-
tional diversity gains. More recently, it has been proved that
OFDM-IM and its variants outperform the classical OFDM in
terms of ergodic achievable rate [20] and coding gain [21].

Considering the advantages of OFDM and MIMO transmis-
sion techniques, the combination of them unsurprisingly appears
as a strong alternative for 5G and beyond wireless networks
[23]. MIMO-OFDM-IM, which is obtained by the combina-
tion of MIMO and OFDM-IM transmission techniques, is a
recently proposed high-performance multicarrier transmission
technology and can be considered as a possible alternative to
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classical MIMO-OFDM [22]. In this scheme, each transmit an-
tenna transmits its own OFDM-IM frame to boost the data rate
and at the receiver side, these frames are separated and demod-
ulated using a novel sequential minimum mean square error
(MMSE) detector which considers the statistics of the MMSE
filtered received signals. However, since different applications
have different error performance and decoding complexity con-
straints, the design and analysis of different type of detectors
remain an open problem for the MIMO-OFDM-IM scheme.

In this paper, we deal with the implementation and error
performance analysis of the MIMO-OFDM-IM scheme for dif-
ferent type of detectors and active indices selection methods
under realistic conditions. First, the maximum likelihood (ML)
detector of the MIMO-OFDM-IM scheme is investigated to ben-
efit from the diversity gain of MIMO systems and its average
bit error probability (ABEP) is derived by the calculation of
pairwise error probability (PEP) of the MIMO-OFDM-IM sub-
blocks. Second, in order to reduce the decoding complexity of
the brute-force ML detector of the MIMO-OFDM-IM scheme,
a novel low complexity near-ML detector is proposed which is
shown to provide better bit error rate (BER) performance than
V-BLAST type classical MIMO-OFDM for different configu-
rations. Third, a simple MMSE detection algorithm is proposed
and its theoretical ABEP is derived to shed light on the per-
formance of MIMO-OFDM-IM for MMSE detection. Then, a
novel ordered successive interference cancellation (OSIC) based
sequential MMSE detector is proposed for MIMO-OFDM-IM.
Finally, the error performance of MIMO-OFDM-IM is evalu-
ated for a realistic LTE channel model and under channel es-
timation errors. It has been shown via computer simulations
that MIMO-OFDM-IM can be a strong alternative to classi-
cal MIMO-OFDM due to its improved BER performance and
flexible system design.

The rest of the paper is organized as follows. In Sec-
tion II, the system model of MIMO-OFDM-IM is presented. In
Sections III and IV, we deal with ML and MMSE detection
of the MIMO-OFDM-IM scheme and provide our theoretical
results, respectively. Simulation results are provided in Sec-
tion V. Finally, Section VI concludes the paper'.

II. MIMO-OFDM-IM AT A GLANCE

The block diagram of the MIMO-OFDM-IM transceiver [22]
is given in Fig. 1, where the concept of OFDM-IM, which
is shown in Fig. 2, is extended to a MIMO configuration. A

INotation: Bold, lowercase and capital letters are used for column vectors and
matrices, respectively. (A),,, (A),, and (A), , denote the tth row, ¢th column

and the £th main diagonal element of A, respectively. (-)*, (-)7 and (-) denote
complex conjugation, transposition and Hermitian transposition, respectively.
det(A) and rank(A) denote the determinant and rank of A, respectively. Iy
is the identity matrix with dimensions N x N and diag(-) denotes a diago-
nal matrix. || - || stands for the Euclidean norm. The probability of an event is
denoted by P(+). E{-} and Var(-) stand for expectation and variance, respec-
tively. The covariance matrix of a is denoted by cov(a). X ~ N (mx ,Ug()
denotes the Gaussian distribution of a real random variable (r.v.) X with mean
my and variance 0% , while X ~ CA(0,0% ) denotes the distribution of a
circularly symmetric complex Gaussian r.v. X with variance ag(. Q(-) is the
tail probability of the standard Gaussian distribution. C'(N, K') stands for the
binomial coefficient and |- | is the floor function. S denotes M -ary signal con-
stellation. C and R denote the ring of complex and real numbers, respectively.
R{X } and J{X } denote the real and imaginary parts of a complex variable X,
respectively.
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MIMO system with 7" transmit and R receive antennas is as-
sumed. As seen from Fig. 1, a total of m7" information bits
enter the MIMO-OFDM-IM transmitter for the transmission of
each MIMO-OFDM-IM frame. These m7" bits are first split
into T' groups and the corresponding m bits are processed in
each branch of the transmitter by the OFDM index modulators
as shown in Fig. 2. Unlike the classical OFDM, these m bits
are used not only in M -ary modulation but also in the selection
of the indices of active subcarriers and the Ny x 1 OFDM-
IM block x; = [ (1) @ (2) - @ (Np)]",t=1,2,...,T
is obtained in each branch of the transmitter, where [N is the size
of the fast Fourier transform (FFT) and z; (ns) € {0,S8},n; =
1,2,...,Np.

According to the OFDM-IM principle [10], which is car-
ried out simultaneously in each branch of the transmitter, these
m bits are split into G groups each containing p = p; + p2
bits, which are used to form OFDM-IM subblocks xi =
[2f (1) «f (2) - 2/ (N)]",g=1,2,...,G of length N =
Np /G, where z{ (n) € {0,8},n=1,2,..., N. At each sub-
block g, considering the corresponding p; = |log, (C' (N, K)) |
bits, only K out of N available subcarriers are selected as
active by the index selector, where the indices of the active
subcarriers are denoted by j{ = [j7 (1) jf (2) --- jf (K)]T7
gl (kye{l,--- N}, k=1,2,...,K. On the other hand,
the remaining N — K subcarriers are inactive and set to
zero. In the mean time, the remaining p, = Klog, (M) bits
are mapped onto the considered M-ary quadrature ampli-
tude modulation (M -QAM) signal constellation to obtain sy =
[s{ (1) s{(2) -~ s{ (K)]", sl (k)eS, k=1,2,... K.
For each OFDM-IM subblock x/, the K elements of s/ modu-
lates the K active subcarriers whose indices given by j? . There-
fore, unlike classical MIMO-OFDM, x;,t =1,2,...,T con-
tains some zero terms whose positions carry information for
MIMO-OFDM-IM?.

Active subcarrier index selection is performed at OFDM in-
dex modulators of the transmitter by either using reference look-
up tables for smaller values of active subcarriers (K ) and sub-
block sizes () or an index selection procedure based on the
combinatorial number theory for higher values of K and N. An
example look-up table of size C' = 2P' = 4 is given in Table I
for N = 4, K = 2, where p; = 2 bits can be used to determine
the indices of the two active subcarriers out of four available
subcarriers. For higher values of K and N, the combinatorial
algorithm provides the selected indices according to the incom-
ing p; bits [10].

In each branch of the transmitter, the OFDM index mod-
ulators construct the OFDM-IM subblocks first, then con-
catenate these G subblocks to obtain the main OFDM-IM
blocks x;,t =1,2,...,T. G x N block interleavers (IT) are
employed at the transmitter to transmit the elements of the
subblocks from uncorrelated channels. Then, inverse FFT
(IFFT) operators process the interleaved OFDM-IM frames

ZFor the implementation of practical OFDM schemes, the number of pro-
cessed subcarriers (Np) is generally chosen to be greater than the number
of used subcarriers (Ny ), where the first and last (Np — Ny ) /2 elements
of OFDM frames are padded with zeros. For this purpose, the first and last
(Np — Ny ) /2N subblocks of the MIMO-OFDM-IM scheme can be padded
with zeros. However, for ease of presentation, we do not consider zero padding
in this study.
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Fig.2. OFDM index modulators at each branch of the transmitter.

X;,t =1,2,..., T and obtain q;,t = 1,2,...,T.Itis assumed
that the time-domain OFDM symbols are normalized to have
unit energy, i.e., F {ﬁflﬁf} = Ny for all ¢.

After the IFFT operation, a cyclic prefix (CP) of C}, samples
is appended to the beginning of the OFDM-IM frames in each
branch of the transmitter. After parallel-to-serial and digital-
to-analog conversions, the resulting signals are sent simulta-
neously from 7' transmit antennas over a frequency-selective
Rayleigh fading MIMO channel which can be represented by
g1 € CL*1 where L is the number of channel taps. We as-
sume that the elements of g, ; are independent and identically
distributed (iid) with CN (0,1/L).

Based on the assumption that the wireless channels remain
constant during the transmission of a MIMO-OFDM-IM frame
and C,, > L, after removing the CP and performing FFT oper-
ations in each branch of the receiver, the input-output relation-
ship of the MIMO-OFDM-IM scheme in the frequency domain

is obtained for r = 1,2,..., R as follows:
T
Yo=Y diag (%) hy; + w,. (1
t=1

In(1),y, =[5 (1) 5 (2) - 5 (Nr)]" is the vector of the
received signals for receive antenna r, the frequency response of
the wireless channel between the transmit antenna ¢ and receive
antennaris denoted by h, , € CV7*1 andw, € CVr ! stands
for the vector of noise samples. The elements of h, ; and w,
follow CA (0,1) and CN (0, Ny ) distributions, respectively,
where Ny r denotes the variance of the noise samples in the
frequency domain, and it is related to the variance of the noise
samples in the time domain as Ny p = (K/N) Ny 7.

Rec.
Signals
Sep.

ML/
MMSE
Det.

mT
bits
—
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Transceiver Structure of the MIMO-OFDM-IM Scheme for a 7' x R MIMO System.

TABLE I
REFERENCE LOOK-UP TABLE FOR N = 4, K = 2 AND p; = 2

Bits Indices (j7)”  OFDM-IM subblocks (z{ )7
[0 0] (1 3] [s7 (1) 0 s{(2) 0]
[0 1] (2 4] [0 s7(1) 0 s (2)]
o [ [57.(1) 0 0 s (2)]
(1 1] (2 3] [0 57 (1) s7(2) 0]

After deinterleaving operation, the received signals for re-
ceive antenna r are obtained as

T
yr:zdiag(xf,)ﬁr,t+‘x’ra r=12...,R,

t=1

@)

where lulm and w, are deinterleaved versions of h,; and

w,, respectively. As seen from Fig. 1, before the detec-

tion of the MIMO-OFDM-IM scheme, the received signals

in (2) are separated for each subblock g =1,2,...,G as
T T, T T ¢

yr =) - (7)] ,Xt:[(X%)TW(X?)T]T,hr,z:

o oo T
(B )T - (BG) | ¥, =[(w))" - (W) ] Then, we
obtain the following signal model for each subblock g:

T
vyl = Zdiag(xf)flf,t +w/, r=12...,R, (3
t=1

where y¢ = [y¢(1) 3!(2) y(N)]" is the vec-
tor of the received signals at receive antenna 7, Xy
[2/(1) 2/(2) 2/(N)]" is the OFDM-IM subblock
g for transmit antenna t, Bft = [ﬁf’t (1) B;’, (2)
B (N)]" and wi = [if (1) wf (2) wf (N
For the presentation and analysis of different type of detectors,
the following signal model is obtained from (3) for subcarrier n
of subblock g:

v

yi (n) Wy(m) - hip ()] [t () w (n)
ys (n) RSy (n) - By (n) | |22 (0) wh (n)
= . . +
vp ()] LhG, () - B p () | Lo ()] L (n)

y,=HX, + W) )



BASAR: MULTIPLE-INPUT MULTIPLE-OUTPUT OFDM WITH INDEX MODULATION FOR NEXT GENERATION WIRELESS NETWORKS

forn=1,2,...,Nand g =1,2,...,G, where ¥¥ is the re-
ceived signal vector, H? € C#*T g the corresponding channel
matrix which contains the channel coefficients between trans-
mit and receive antennas and assumed to be perfectly known
at the receiver, X9 is the data vector which contains the simul-
taneously transmitted symbols from all transmit antennas and
can have zero terms due to index selection in each branch of the
transmitter and W is the noise vector.

The signal-to-noise ratio (SNR) is defined as SNR =
Ey /Ny r where E, = (Np + C,) /m [joules/bit] is the aver-
age transmitted energy per bit. The spectral efficiency of the
MIMO-OFDM-IM scheme is calculated as mT'/ (Ng + Cp)
[bits/s/Hz].

III. ML DETECTION OF MIMO-OFDM-IM

In this section, we propose ML and near-ML detectors of
the MIMO-OFDM-IM scheme which can be used in applica-
tions where the BER is critical. We also derive the ABEP of the
brute-force ML detector which can be considered as a perfor-
mance benchmark for the near-ML detector, whose theoretical
performance analysis is intractable.

A. Brute-Force ML Detecion of MIMO-OFDM-IM

A straightforward solution to the detection problem of (3) is
the use of ML detector which can be realized for each subblock
g as

(Xi]? e aXyT)ML
R T 2
= arg( min )Z yJ — Zdiag (x] . (5
x]oX7 ) p 21 t=1

As seen from (5), the ML detector has to make a joint search over
all transmit antennas due the interference between the subblocks
of different transmit antennas.

In this subsection, the ABEP of MIMO-OFDM-IM is derived
by the PEP calculation for MIMO-OFDM-IM subblocks. Since
the pairwise error (PE) events within different subblocks are
identical, it is sufficient to investigate the PE events within a
single subblock to determine the overall system performance.

Stacking the received signals in (4) for N consecutive sub-
carriers of a given subblock g, we obtain

¥ H/ 0 ... 0 Xy wi
v o H ... 0 || Wi
= —|— .
Y 0 0 HY | (=] W%
y/=H%x + w’ (6)

where O denotes the all-zero matrix with dimensions R x T,
y9 € CEN*1 is the vector of stacked received signals for the
corresponding subblock, H? € CEN*TV jg the block-diagonal
channel matrix, x9 € CTV*1 is the equivalent data vector which

has (C’M K )T possible realizations according to index modu-

lation and w9 € CTV*! is the noise vector. Using the matrix
form given in (6), the ML detection of MIMO-OFDM-IM for
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each subblock g can also be performed as

(x7)yp, = argmin || y? — H/xY ||2 @)
x9

Considering the signal model of (6), for a given channel matrix

HY, if x9 is transmitted and it is erroneously detected as €Y,
_g\T =g \T _g \T 1T

where e/ = [(e])" (&))" --- (&%) ] .

i the conditional
PEP (CPEP) can be calculated as

P(x! = ef[H) = P (|ly” — Hox'|* > || y* — Hoe? |)

®)
After some algebra, the CPEP of the MIMO-OFDM-IM scheme
is obtained as

P(x! — e/|HY)

=P (I|es | = Eer|* — 2% { (v) " HY (x' —e7)} > 0)
= P (B (e — o) -2 {(w!) Y (! — o)} > 0)
=P(D>0) (C)]
where D ~ N (mp, 0%) withmD = —||HY (x¢ —eY) || and
0% = 2Ny.r|| H? (x? — %) ||, for which we obtain
HY (x9 —e9) ||
P(xf — o3[ H%) = W|2MFM| w0

Using the alternative form of the @)-function [24], (10) can be
rewritten as
do.

1 7r/2
P(xgaeg\Hg):;/o exp | —
(an

Integrating the CPEP in (11) over the probability density func-
tion (pdf) of I' =|| HY (x? —e%)|]%, the unconditional PEP
(UPEP) of the MIMO-OFDM-IM scheme is obtained as

w/2
P(xgﬁeg):l/ My (— !
0

™ 4N0,FSiD29

| HY (x —ef) |°
4Ny psin’0

) o (12)

where My (t) is the moment generating function (mgf) of T'.
Expressing I" in quadratic form as

N
r=> |8 (x; —e)|* *ZZ (H)),,

n=1 n=1r=1

where Q7 = (X¢ —@9) (X! —e?)"”. According to the
quadratic form of I' given in (13), its mgf is obtained as
251 Mr () = [To-, [det (Ir —¢LQY) " =TI,_, (1t
| %9 — &%)~ " since (HY),,’s are i.i.d. for all 7 and n, L =
E{(Hg)i(Hg)r*} = I, and rank (QY) = 1. Finally, from
(12), the UPEP of the MIMO-OFDM-IM scheme is obtained

as
1 /2 N
- Il

n

13)

R
. 29
sin“f + 7”]\0 -
Please note that the integral given in (14) has closed form solu-

tions in Appendix SA of [24] for different N values.
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Remark 1: For the worst case PE events in which there are no
active indices errors and a single M -ary symbol is erroneously
detected in €Y, we obtain || X/ — &/ ||* # 0 for only a single n
value. In this case, the diversity order of the MIMO-OFDM-IM
scheme is calculated after some manipulation as [26]

log (P (x? — eY))
log (1/No,r)

On the other hand, the distance spectrum of the MIMO-OFDM-
IM is improved due to the PE events in which there are errors
in active indices since these PE events have lower occurrence
probabilities.

Remark 2: After the evaluation of the UPEP, the ABEP of
the MIMO-OFDM-IM scheme can be obtained by the asymp-
totically tight union upper bound as

1
S e &2 P e b

where n;, = pT is the total number of information bits carried
by x9,n(x9) = (CMK)T is the total number of possible real-
izations of x¢ and n (x9, ) is the number of bit errors for the
corresponding PE event (x9 — €9).

Gy = —limy, , =R (15

(16)

B. Simplified Near-ML Detection of MIMO-OFDM-IM

The total decoding complexity of the brute-force ML detec-
tor given in (5) and (7) in terms of complex multiplications
(CMs) is ~O (M K T), which is considerably higher than that
of classical MIMO-OFDM, whose complexity is ~O (M T),
even if assuming that both schemes use the same constellation
order. In this section, we propose a near-ML detector for the
MIMO-OFDM-IM scheme which has the same order decoding
complexity compared to classical MIMO-OFDM ML detector.

The ML detector in (5) maximizes the joint conditional pdf of
p(yy,....¥y%Ix],...,x}), ie., jointly searches forx{, ..., x7.
using the reference look -up table. On the other hand, the pro-
posed near-ML detector calculates a probabilistic measure for
each element (x7) of the reference look-up table for a given
transmit antenna therefore, it reduces the size of the search
space considerably. For this purpose, the near-ML detector con-
siders the model in (4) and implements the following steps:?

1) Calculate N(M + 1)" different conditional probability

values of P (X9 |y? ) by considering

[ %5 P (x5)

P 1y7) = e :
L f(¥9)
:fmwwm> -
Zf vi %) P (X))
for n=1,...,N and all possible XJ vectors where

conditioned on X!, y7 has the multivariate com-
plex Gaussian distribution with pdf f(¥9|X9) =

(No.r) " exp (= 1| 74 — HIR4I®/No.r ).

3For notational simplicity, the realizations of the random vectors/variables
are dropped in (17)—(19). See Example 1 for more details.
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2) In order to obtain the occurrence probability for each
element (x) of the reference look-up table, calculate

P =[P =] Y P&

1R 7 (5 =af (n)

|¥7)

(18)
where T () is tth element of X/ € CT*1_ (18) provides

a clever way to transform the probablhtles of P (X9|y9),

which consider the symbols transmitted from different an-

tennas, into the probabilities of P (x{ ), which are distinct
for each transmit antenna.

3) Finally, after the calculation of CM” probability values
for each transmit antenna ¢, decide on the most likely
element of the reference look-up table as

(X7 Dpear—vi1, = arg maxys P (x{). (19)

As seen from (17)—(18), for the calculation of P (x7) values,
a search over the possible realizations of XY has to be made,
which reduces the size of the search space to (M + 1)T for
each n value since 79 (t) € {0, S} and a total of ~O (M™)
CMs are required. The following numerical example shows the
steps of the near-ML detector.

Example 1: Consider the MIMO-OFDM-IM scheme with
the following system parameters: T'= M = K =2, N = 4.
For these values, the reference look-up table contains C'M K —
16 elements. In this case, (X7)" has (M +1)" =9 possi-
ble realizations: [0 0], [0 1], [0 —1], [1 0], [1 1],
[1 —-1],[-1 0],[-1 1]and[—1 —1], with the follow-
ing probabilities: 0.25, 0.125, 0.125, 0.125, 0.0625, 0.0625,
0.125, 0.0625 and 0.0625, respectively.

First, the near-ML detector calculates and stores the proba-
bilities P (X9 |y? ) using the received signals y7 and possible
%Y vectors forn = 1,2, 3,4, where a total of N (M + 1)" = 36
probability calculations are required. As an example, forn = 1,
nine probability values of P (X{|yY) are calculated and stored
using (17).

Second, the occurrence probability of the each element of
the reference look-up table is calculated from (18). Let us
consider that we want to calculate the probability of P(x{ =

[1 0 —1 O]T), where [1 0 —1 O]T is selected from
the look-up table (Table I). According to (18), we have

( 1) P(x] (2) =0)
P(af (3) = —1) P (2] (4) = 0)

where

>

P (X! |51)

x{, 7] (1)=1
=P (= =[10]" |¥1)
+P (= =[11]" %)
+p (= =[1-1]"|5).
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Similarly, P(xj =[1 0 -1 0 ]T) can be calculated con-
sidering the second elements of X9 . Finally, the most likely ele-
ment of the look-up table is determined from (19) after the cal-
culation of CM* probability values, where oo P (x7) = 1.

IV. MMSE DETECTION OF MIMO-OFDM-IM SCHEME

The total decoding complexity of the brute-force and near-ML
detectors can be considerably high for higher order modulations
and MIMO systems. In this section, instead of the exponentially
increasing decoding complexity of the ML detectors, we deal
with the MMSE detection of the MIMO-OFDM-IM scheme,
which significantly reduces the decoding complexity. The ap-
proximate ABEP of the newly proposed simple MMSE detector
is also provided which can be considered as a reference for
MMSE and LLR detector.

A. Simple MMSE Detection of MIMO-OFDM-IM

Let us reconsider the following signal model which is ob-
tained from (3) for subcarrier n of subblock g:

v = HIZ + WY (20)

forn=1,2,...,Nandg = 1,2,...,G. For classical MIMO-
OFDM, the data symbols can be simply recovered after process-
ing the received signal vector in (20) 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 de-
tect the transmitted symbols by only processing y? for a given
subcarrier n in the MIMO-OFDM-IM scheme. Therefore, N
independent and successive MMSE detections are performed
for the proposed scheme using the MMSE filtering matrix

3873

[27) WY = (H)"Hy + 10) 7 (H)" forn=1,2,..., N,
where p = 02 /Ny, 02 = K/N and BE{X’(x%)"} = 021
due to zero terms in X? come from index selection. By the left
multiplication of y¥ given in (20) with W7, MMSE detection
is performed as

9 _ WITI — WYY 9 9559
z) = W)yl = W/ HIX) + WIw)

n nsn (21)
where z¢ = [29(1) 29(2) 20(T)]" is the MMSE es-
timate of XJ. The MMSE estimate of MIMO-OFDM-IM
subblocks %/ = [/ (1) 27(2) --- #/(N)]" can be ob-
tained by rearranging the elements of z7,n =1,2,..., N as
x) =120 (t) =5 (t) 2 )] fort=1,2,...,T and
g=12....G

After MMSE filtering and rearranging the elements of MMSE
filtered signals, the interference between the subblocks of dif-
ferent transmit antennas is eliminated and the transmitted sub-
blocks can be determined by considering the conditional multi-
variate pdf of X/ given as [28]

—N

~ det (C)

exp(- (& -m)" € (& ~m)) (22)

where considering that NV-successive MMSE operations are in-
dependent, the conditional mean and covariance matrix of ﬁf
conditioned on x/ are calculated respectively as

m=E{&/}=[Qzf (1) - Quaf (\V)]"

C:cov(ﬁf)zdiag([cl--- C’N]). (23)

For notational simplicity we defined Q,, = (WJHJY )it>Cn =
(cov (z)),, forn =1,2..., N in(23). The statistics of X are
obtained from the conditional statistics of z7 conditioned on
x{ (n) € {0, S}, which are given in [22] as

E{z} = WIH] E{X] } = (Wi H}), 2 (n)

cov (z) = WIH cov (%) (HS)" (W)™ + Ny p W2 (W9)"
4)

where cov (X¢) = diag ([02 ... 02 002 ... 02]) is adiago-
nal matrix whose tth diagonal element is zero.
The simple MMSE detector decides onto the most likely

subblock by maximizing the conditional pdf of X/ as

(x{)nmse = arg Hi?xf & 1)
t

where (25) is obtained by dropping the constant terms and con-
sidering the diagonal structure of C. The CPEP of erroneously

deciding in favor of €f = [e] (1) €] (2) --- €] (N)]T given
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that x{ is transmitted can be calculated as

P(Xf _>ef |H

N
p(x
n=
N

(Z (@2 (Ist

n=

L HY)

¢! (n) = Quaf ()|’ —|& (n) -

CTL

Quet I _ O)

) = lef ) = 2% {Qui (n)

-

x (zf (n) —€f (n))*}> /Cy > 0> =P(D>0) (26)

where D ~ N (mp,o%) and considering E {i{ (n)} =
Qnx! (n), Var (27 (n)) = C,, and Var (R {i} (n)}) = Var
(S{z] (n)}) = C,, /2 for complex M-QAM constellation sym-

bols with i.i.d. real and imaginary parts, we obtain mp =
— Z” LV, 08 =2 Zn 1 VoA, which yields the follow-

ing CPEP
N
P(x! —e/ |H{,--- \H})=Q (W) (27)
where V,, £ Q” and A, £ |z{ (n )—et( )|>. The rv. V,,,

which is the ratlo of two correlated r.v.’s, has a nonparametric
pdf which is a function of the SNR and is the same for all n
and ¢. Therefore, we provide an upper bound for the UPEP as
follows.

Assuming Q2 ~ 1 and C, ~ Ngyp((H%)fl((H,gl)fl)H)t_t
for Ny < 1, which is quite reasonable for practical applica-
tions, and using alternative form of the Q-function, we obtain

P(X _’et |H17""H?V)
T SN Z.A
< = _Lm=1 TR ) g 28
T /eXp( 4N0‘F51n29> (28)
0

where Z, = 1/([(H-§’L)HH-7‘11}71)M and the inequality arises
from V,, = Z,,/ (2Ny,p) < V,. Considering that Z, is ex-
ponentially distributed for T'= R [27] with mgf My, (t) =
1/ (1 —t) and for all n and ¢, integrating (28) over the pdf’s of
Znp,mn=1,2,..., N, the UPEP of the simple MMSE detector
is obtained as

Pt —et)e 2 [ an, ()
’ TJo " 4N07Fsin29
_1 / o ﬁ 0 N o)
m™Jo oo \sin 20 + 4N0F

which has a closed form solution in Appendix 5A of [24].

Remark 1: The diversity order of the simple MMSE detector
is equal to one considering the worst case PE events in (29). The
UPEP in (29) is independent of the number of transmit antennas
while 7" = R, and can be considered as an error performance
upper bound for the MIMO-OFDM-IM scheme.

Remark 2: To obtain a tighter UPEP approximation, the av-
eraging over V,, can be performed with a semi-analytical ap-
proach as follows. Considering the worst case PE events only
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in (27), where A,, # 0 forasinglen € {1,2,...,

obtain
Q(VVia.).

P(x! —e! |HY,
For each SNR value, generating and storing S = 10° samples
of V,asV,, (s),s =1,2,...,5 (as an example forn = ¢ = 1
since the distribution of V,, is the same for all n and t), the UPEP
of the MIMO-OFDM-IM scheme can be obtained as

~3>o(vioa)

Remark 3: After the evaluation of the UPEP, ABEP of the
simple MMSE detector can be obtained as

By~ pn Xg ZZP

]
Xp e

N} value, we

~
~

LHY) (30)

P(x} —e) (€2))

g

7.el) (32)

! —el)n(x

where p is the total number of information bits carried by x{,
n (x, ) = CM¥ is the total number of possible realizations of
x{ and n (x{, €] ) is the number of bit errors for the correspond-
ing PE event.

B. MMSE and LLR Detection of MIMO-OFDM-IM

MMSE and LLR detector of the MIMO-OFDM-IM scheme
is proposed in [22] to implement a low complexity MMSE
detection. Considering the conditional statistics of Z{ (n), the
MMSE and LLR detector of the MIMO-OFDM- IM scheme
calculates the following LLR value for the nth subcarrier of tth
transmitter for subblock g as

: (n) = Qusu [’ & (n)[*
<mzl exp< . + . 33)
forn=1,2,..., N,t=1,2,...,Tandg = 1,2,...,G,where
sm € S. For the case of reference look-up tables, the MMSE-

LLR detector calculates LLLR sums for each element of the
look-up table and determines the active indices which provide
the highest LLR sum. Details of this method can be found in
[22].

In case of the selection of active indices with combinatorial
algorithm, after the calculation of N LLR values form (33) for
each subblock, the detector decides on K active indices out
of them having maximum LLR values. Denoting the indices
of these subcarriers by j! = [57(1) 322) - 57 (K)]T, the
corresponding index selecting bits can be determined with
demapping algorithm, and the M-ary symbols transmitted by
the active subcarriers are determined for k = 1,2,..., K as

"rf (Jt (k)) _Q}f(k)srn ’

where @), is defined in (23). The above process is repeated for
each subblock of each transmit antenna. As seen from (33)—(34),
the complexity of the MMSE-LLR detector, in terms of CMs,
is ~ O (M) per subcarrier.

(s7 (K)amse = arg ml% (34)

Sm €

C. MMSE and LLR Detection of MIMO-OFDM-IM With OSIC

Successive interference cancellation (SIC) techniques have
been efficiently implemented for MMSE detection based V-
BLAST systems to obtain better BER performance with the
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TABLE II
DECODING COMPLEXITY COMPARISONS IN TERMS OF TOTAL NUMBER OF COMPLEX MULTIPLICATIONS (CMS) PERFORMED PER SUBCARRIER
Detector MIMO-OFDM MIMO-OFDM-IM
Brute-Force ML R(T+1)MT ~o(MT) R(T + 1)(CME)T ~O(MET)
Near-ML n/a R(T+1)(M+1)T ~o(M™T)
MMSE (Simple) T3 +2T?R+T(R+ M) ~O(M) 2T% +5T?R+ TR+ CME ~O(MK)
MMSE-LLR n/a 273 +5T*R+ T(R+ M + 1) ~O(M)
MMSE(-LLR)-OSIC < T* + T3(2R +3) + 2T2(R+ 1)+ T(2R+ M) ~O(M) < T*+T3(2R+3)+ T2(4R+3)+ T(3R+ M + 1) ~ O(M)
Spectral Efficiency (T'Nplogy, M)/ (Np +C,) (NT (|logs (C (N, K))| + K logy M)) /(K (Np + C,))
100 is calculated for this case respectively as
—O— V-BLAST-OFDM,2x2,ML . ~
9 g _ g
\\ —O— MIMO-OFDM-IM,2x2,ML { ( )} = (qn t ) Lt (n) = Qnzy (n)
R — — = MIMO-OFDM-IM,2x2,ML, Theo. "
107"} —%— MIMO-OFDM-IM,2x2,near ML | 7 ~9 _ o9 T <9 g \H (9
—— V-BLAST-OFDM,4x4,ML Var (‘rt (TL)) - qn,tHn cov (Xn ) (Hn) (qn,t)
—O— MIMO-OFDM-IM,4x4,ML g 12
————— MIMO-OFDM-IM,4x4,ML, Theo. + No,r an_f H (36)
102 —#— MIMO-OFDM-IM,4x4,near ML | 7
i where cov (%9 ) € RT*T is defined in (24). Once the new statis-
@ tics of &/ (n) are obtained, the same procedures explained in
103 e Subsection IV-B are followed to determine the active indices
and M -ary constellation symbols where the corresponding LLR
values are calculated for this case as
104F E ) - 2
M o~ _ . 2
0 Z 2 (1) = Qusn & (n)]
A exp | — = + =
Cn CTL
10
0 5 10 15 20 25
SNR(dB) (37)
Fig.3. Performance comparison of V-BLAST-OFDM and MIMO-OFDM-IM ~ According to the MMSE-LLR-OSIC detection, once the esti-

(N =4, K = 2) for BPSK modulation (M = 2), ML/near-ML detection.

price of increased decoding complexity [29]. In other words,
MMSE with SIC is an intermediate solution between ML and
classical MMSE detections and provides a trade-off in perfor-
mance and complexity. In this subsection, a novel OSIC based
sequential MMSE-LLR detector is proposed for the MIMO-
OFDM-IM scheme to further improve the error performance.
The OSIC-MMSE-LLR detector of the MIMO-OFDM-IM

scheme considers N successive MMSE detections and obtains
the following empirical min-max metric for each subblock ¢ of
each transmit antenna t,t = 1,2,...,7T as

2

} (35

o= (@), [ (@),

where

2

geeey

HY
Gg _ n 7
~lovan

and (GY)" = ((G;’l)HG-;’l)i1 (G9)". The subblock of the
transmit antenna with the minimum metric () is selected as
the best subblock in terms of signal-to-interference-plus-noise
ratio (SINR) and ordering is performed according to v;,t =
1,2,...,T. For each transmit antenna, the MMSE estimate of
MIMO-OFDM-IM subblocks are obtained as i:f (n) =qa;, 59,

£ (W9),, € CE forn=1,2,..., N. The con-
ditional mean and variance (C,, ) of Gaussian distributed ¢ (1)

where ¢ ,

mate (X7 )\ iS obtained, the received signal vectors are up-
dated forn =1,2,..., N asyj =¥ — Hj (X} )y Where
(X% )puse is an all-zero vector except its tth element be-
ing (z{ (n))yuse and (HY),,,n=1,2,..., N are filled with
zeros according to SIC pr1n01ple. The above procedures are re-

peated until all OFDM-IM subblocks are demodulated.

V. SIMULATION RESULTS AND COMPARISONS

In this section, we present our theoretical as well as Monte
Carlo simulation results for the MIMO-OFDM-IM scheme and
make comparisons with the classical V-BLAST type MIMO-
OFDM scheme for different type of detectors and system con-
figurations. The considered OFDM system parameters are given
as follows: Ny = 512, subcarrier spacing Ay = 15 kHz, sam-
pling frequency f; = 7.68 MHz, C,, = 36 and L = 10.

In Table II, the decoding complexities of MIMO-OFDM and
MIMO-OFDM-IM schemes are given in terms of total num-
ber of CMs performed per subcarrier for different type of
detectors. As seen from Table II, near-ML, MMSE-LLR and
MMSE-LLR-OSIC detectors of MIMO-OFDM-IM have the
same order decoding complexity compared to brute-force ML,
MMSE and MMSE-OSIC detectors of classical MIMO-OFDM,
respectively*.

“In order to achieve the same spectral efficiency as that of MIMO-OFDM
using the same M -ary constellation order, the spectral efficiency loss due to
inactive subcarriers should be fully compensated by the bits carried with index
modulation for MIMO-OFDM-IM. On the other hand, for the cases where
MIMO-OFDM-IM is using higher order constellations, the increase in decoding
complexity can be easily calculated from Table II.
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Fig. 4.

simple MMSE, MMSE-LLR, MMSE-LLR-OSIC detection.

In Fig. 3, we compare the BER performance of the MIMO-
OFDM-IM scheme for N = 4, K = 2 (Table I) with classical
V-BLAST-OFDM using ML detectors and BPSK modulation.
Two MIMO configurations are considered: 2 x 2 and 4 X 4,
where both schemes achieve the same spectral efficiency values
of 1.87 and 3.74 bits/s/Hz for these configurations, respectively.
As seen from Fig. 3, using ML detection, a diversity order of R
is obtained for both schemes, and MIMO-OFDM-IM scheme
provides considerable improvements in BER performance
compared to classical V-BLAST-OFDM. It should be noted that
the proposed near-ML detector outperformed by the brute-force
ML detector by a small margin; however, it still exhibits con-
siderably better BER performance than the classical V-BLAST-
OFDM. We also observe that the derived theoretical upper bound
in (16) becomes very tight with the computer simulation curves
as the SNR increases.

In Fig. 4, we present the BER performance of the MIMO-
OFDM-IM scheme for N = 4, K = 3 and classical V-BLAST-
OFDM using MMSE type detectors and QPSK modulation.
2 x 2and 4 x 4 MIMO configurations are considered, where
both schemes achieve the same spectral efficiency values of 3.74
and 7.48 bits/s/Hz for these configurations, respectively. As seen
from Fig. 4, the simple MMSE and MMSE-LLR detectors pro-
vides almost the same BER performance for the MIMO-OFDM-
IM scheme while they outperform classical V-BLAST-OFDM
using MMSE detection. As expected, the theoretical ABEP
curve which is based on the UPEP formula of (29) (exponen-
tially distributed Z,,’s) provides a BER performance benchmark,
while a much accurate ABEP curve can be obtained by using the
semi-analytical UPEP calculation approach of (31). For com-
parison, the performance of OSIC based MMSE detectors are
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100 T T T

—0— V-BLAST-OFDM 4x4 MMSE
—%— V-BLAST-OFDM,4x4,MMSE-OSIC

—¥— MIMO-OFDM-IM 4x4,Simple MMSE

— - == MIMO-OFDM-IM,4x4,Simple MMSE, Theo.Semi
—— MIMO-OFDM-IM,4x4,MMSE-LLR 1
—O— MIMO-OFDM-IM,4x4,MMSE-LLR-0SIC

SNR(dB)

Performance comparison of V-BLAST-OFDM and MIMO-OFDM-IM (N = 4, K = 3 with reference look-up table) for QPSK modulation (M = 4),

—— V-BLAST-OFDM, M=8,11.2 bits/s/Hz

—— MIMO-OFDM-IM, M=16,N=16,K=12,13.6 bits/s/Hz
—%— MIMO-OFDM-IM, M=16,N=16,K=10,12 bits/s/Hz
—O— MIMO-OFDM-IM, M=8,N=16,K=13,11.2 bits/s/Hz
—O— MIMO-OFDM-IM, M=16,N=8,K=4,10.2 bits/s/Hz
—¥— MIMO-OFDM-IM, M=16,N=16,K=6,8.4 bits/s/Hz

MIMO-OFDM-IM, M=64, N=16,K=6,11.2 bits/s/Hz

102 N —4— MIMO-OFDM-IM,M=64,N=32,K=11,10.7 bits/s/Hz | 3
E v,
. \!
)

103 ¢

104§

105 ! ¥

10 15 20 25 30 35 40 45
SNR(dB)
Fig. 5. Performance comparison of V-BLAST-OFDM and MIMO-OFDM-

IM for different N, K and M values and for a 4 x 4 MIMO system with
MMSE-LLR detection.

also shown in Fig. 4. As seen from Fig. 4, for the 2 x 2 MIMO
case, OSIC provides an SNR gain for both schemes; while for
the 4 x 4 MIMO case, the interference nulling becomes more
dominant and a considerable improvement is observed in BER
performance while MIMO-OFDM-IM still outperforms the ref-
erence V-BLAST-OFDM scheme with increasing SNR.

Fig. 5 presents the interesting trade-off provided by the
MIMO-OFDM-IM scheme between BER performance and
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—0— V-BLAST-OFDM,2x4, M=4,P-CSI|
—O— Alamouti-OFDM,2x4, M=16,P-CSI
—O— MIMO-OFDM-IM,2x4,M=4,P-CS|
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BER

10

10

SNR(dB)

Fig. 6.
I-CSI (@ = 1) cases with MMSE-LLR detection.

spectral efficiency for a 4 x 4 MIMO system with MMSE-
LLR detection. For the selection of active indices, we use the
combinatorial number theory method [10], where different [V
and K values are considered. As seen from Fig. 5, for the
same spectral efficiency, the MIMO-OFDM-IM scheme with
M =8, N =16, K = 13 provides approximately 3 dB better
BER performance than the reference V-BLAST-OFDM scheme
for a BER value of 107°. On the other hand, as seen from
Fig. 5, MIMO-OFDM-IM has the flexibility of adjusting the
spectral efficiency by changing the number of active subcarriers
K in a subblock, and can achieve better or worse BER per-
formance than the reference MIMO-OFDM-IM scheme with
11.2 bits/s/Hz spectral efficiency. It should be noted that the BER
performance of MIMO-OFDM-IM degrades when 64-QAM is
employed; however, a better BER performance than classical
V-BLAST-OFDM is obtained for all other cases even with a
higher spectral efficiency. The price paid for this improvement
is the slightly increased signal processing at the receiver for the
detection of data symbols and active indices.

Finally, we investigate the effects of a realistic channel
model and imperfect channel estimation on the performance
of the MIMO-OFDM-IM and make comparisons with classical
V-BLAST-OFDM and Alamouti-OFDM in Fig. 6. Three MIMO
configurations are considered: 2 x 4 and 2/4 x 8, where all
schemes achieve the same spectral efficiency values of 3.74 and
7.48 bits/s/Hz for these configurations, respectively. The con-
sidered CIR with L = 4 taps is based on Extended Pedestrian A
(EPA) model [30] where the corresponding power delay profile
is undersampled as in [31] according with the sampling rate of
the considered LTE-like system with f; = 7.68 MHz [30]. In
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Performance comparison of V-BLAST-OFDM, Alamouti-OFDM and MIMO-OFDM-IM (N = 4, K = 3) at 3.74 and 7.48 bits/sec/Hz for P-CSI and

TABLE III
CHANNEL IMPULSE RESPONSE BASED ON LTE-EPA MODEL

Linear Tap Gain ~ 0.7594  0.6486 0 0.0517
Tap Delay (ns) 0 130 260 390

Table III, the normalized CIR values (with total power of unity)
used in the simulations are given. In our computer simulations,
each tap of the CIR is multiplied by an independent complex
Gaussian r.v. with variance 0.5 per dimension. We consider
that the channel estimator at the receiver provides an estimate
of the channel coefficients as [32] PAIZ = HYJ + EJ where the
elements of EY follow CA (0,02) distribution. In this study,
we assume that the power of channel estimation errors o de-
creases with the increasing SNR, i.e., Ny r and 02 are related
via Q = Ny r /o> For the detection, the receiver considers the

mismatched decision metrics where PAIﬁ is used instead of HY
for all schemes.

As seen from Fig. 6, the BER performance of all systems
considerably suffer from imperfect channel estimation (Q = 1)
and similar levels of degradation are observed for all schemes.
It is interesting to note that Alamouti-OFDM scheme achieves
the best BER performance with increasing SNR values for
the first configuration. On the other hand, its BER performance
degrades considerably with increasing spectral efficiency due
to the employment of a higher order constellation, and MIMO-
OFDM-IM achieves the best BER performance for the second
configuration.
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VI. CONCLUSION

In this study, the recently proposed MIMO-OFDM-IM
scheme has been investigated for next generation 5G wire-
less networks. For the MIMO-OFDM-IM scheme, new detector
types such as ML, near-ML, simple MMSE, MMSE-LLR-OSIC
detectors have been proposed and their ABEP have been theo-
retically examined. It has been shown via extensive computer
simulations that MIMO-OFDM-IM scheme provides an inter-
esting trade-off between complexity, spectral efficiency and er-
ror performance compared to classical MIMO-OFDM scheme
and it can be considered as a possible candidate for 5G wire-
less networks. The main features of MIMO-OFDM-IM can be
summarized as follows: i) better BER performance, ii) flexible
system design with variable number of active OFDM subcarri-
ers and iii) better compatibility to higher MIMO setups. How-
ever, interesting topics such as diversity methods, generalized
OFDM-IM cases, high mobility implementation and transmit
antenna indices selection still remain to be investigated for the
MIMO-OFDM-IM scheme.
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