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Index modulation (IM) is a novel digital modulation technique, which inactivates some subcarriers in orthogonal frequency division
multiplexing (OFDM) to exploit the indices of the subcarriers to transmit bits implicitly, and has potential to further improve the
energy efficiency and error performance. For the multiple-input multiple-output- (MIMO-) aided IoT devices, a highly efficient
and low-complexity IM-aided scheme is needed to reduce the computational complexity at the receiver sides. In this paper, we
propose a novel highly efficient MIMO-OFDM with IM scheme by performing IM on each transmit antenna subgroup, which
contains two transmit antennas, to achieve two transmit diversity order and significant reduction in computational complexity at
the cost of a minor spectral efficiency. To reduce the demodulation complexity, a low-complexity sequential Monte Carlo (SMC)
theory-based detector is proposed, which exploits the null space submatrix of the preprocessed channel response matrix by using
QR decomposition, to calculate the most likely transmitted IM patterns before the detection of the modulated symbols. Computer
simulation results and complexity analysis show that the proposed IM-aided scheme achieves better error performance with
extremely low computational complexity under the same constellation and the proposed SMC detector has potential to achieve
near optimal bit error rate performance with considerably low demodulation complexity.

1. Introduction

The next-generation wireless communication networks
will enable various types of devices with different require-
ments in enhanced mobile broadband (eMBB), massive
machine type of communication (mMTC), and ultrareli-
able and low-latency communication (uRLLC) scenarios
[1, 2]. In beyond fifth-generation (B5G) wireless commu-
nication networks and the sixth-generation (6G) wireless
communication networks, the ubiquitous infrastructure
devices and various Internet of Things (IoT) in industry,
home, hospital, smart agriculture, and other scenarios will
dominate the terminal side in the next decade [3–5]. As a

typical smart devices in mMTC scenario, IoT in most
applications are known for its low cost, battery depen-
dent, low power consumption, and limited computing
capability equipment, which put forward higher require-
ments in data transmission and computational complex-
ity. To support machine type of communication (MTC),
narrow band IoT (NB-IoT) is specified as the long-term
evolution for machine-type (LTE-M) communication by
the third-generation partnership project (3GPP) in the
fourth-generation (4G) LTE. For the energy and comput-
ing capability sensitive devices, low power consumption
wireless communication techniques and low-complexity
transceiver algorithms are crucial for prolonging the
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lifetime and enhancing the robustness of the mMTC net-
works [6–8].

Index modulation (IM) is a novel emerged promising
technique which exploits the index domain of some building
blocks of a communication system, such as antennas, time
slots, frequency subcarriers, multiple symbol mode or constel-
lation, and signal processing matrices, to convey information
bits to meet the demands of low energy consumption and high
data transmission [9–12]. To alleviate the interantenna syn-
chronization (IAS) problem at the transmitter and reduce
the signal processing complexity at the receiver, spatial modu-
lation (SM), which exploits the index domain of the transmit
antennas in a multiple-input multiple-output (MIMO) sys-
tem, has been proposed to activate one antenna according to
the input information bits to transmit the modulated symbol
[12–14]. It is clearly that there are two ways to transmit the
information bits in SM, which are known as the conventional
modulated symbols and the index patterns of the transmit
antennas. For the clarity of presentation, we define the infor-
mation bits transmitted by the modulated symbols and the
index patterns are modulation bits and index bits, respectively.
To further increase the spectral efficiency (SE), a subgroup of
transmit antennas are activated to transmit modulated sym-
bols in generalized SM (GSM) [15, 16]. Then, a novel dual-
hop SM-aided relay network is proposed to transmit its own
information while forwarding the SM signal to the destination
with both decode-and-forward and amplify-and-forward pro-
tocols [17]. To reduce the computational complexity in soft
decision, the deterministic sequential Monte Carlo- (SMC-)
based detectors are proposed for single-carrier (SC) GSM
[18]. In [19], the K-best sphere decoding (SD) soft detection
algorithm is proposed to effectively detect the active antennas
and the modulated symbols by exploiting the null space of the
GSM channel based on the QL decomposition.

In 4G, 5G, and wireless local area network (WLAN)
communication standards, orthogonal frequency division
multiplexing (OFDM) has become one of the most domi-
nant multicarrier techniques due to its merits in combating
with the frequency selective Rayleigh fading channel
[20–23]. Owing to the superior of bit error rate (BER) per-
formance and flexible design introduced by the IM tech-
nique, IM-aided schemes have attracted considerable
attention over the past few years. By applying IM in the fre-
quency subcarrier domain, OFDM with index modulation
(OFDM-IM), which appears as a competitive candidate
alternative to conventional OFDM, exhibits better bit error
rate performance and higher energy efficiency than those
of conventional OFDM [24–27]. In this paper, let us define
the subcarrier activation patterns (SAPs) to denote the IM
patterns of the active statues of the subcarriers within one
subblock after the signal processing of the IM. The achiev-
able rate and mutual information of OFDM-IM are ana-
lyzed, which shows that OFDM-IM has potential to
outperform conventional OFDM [28, 29]. An intercarrier
interference (ICI) self-cancellation scheme is proposed to
alleviate the effect in the presence of ICI in the underwater
acoustic communication scenario [30]. Then, a novel
enhanced coordinate interleaving OFDM-IM is proposed
to improve the BER performance of the index bits [31]. By

introducing IM in the spread spectrum, a novel index-
modulated OFDM spread spectrum is proposed to exploit
the index domain of spreading codes [32]. Then, an IM-
aided subcarrier mapping scheme is proposed for dual-hop
OFDM-based relay networks with different relay protocols
[33] and an OFDM-IM-based distributed cooperative sys-
tem is analyzed in [34]. To further improve the SE, a dual
mode scheme is proposed in which another distinguishable
constellation is transmitted at the inactive subcarriers [35].
Moreover, by dividing the constellation into several distin-
guishable subconstellations, multiple mode- (MM-) aided
OFDM-IM scheme is proposed to further improve the sys-
tem SE and the BER performance [36–38]. By utilizing silent
subcarriers and MM, a transmit diversity scheme for
OFDM-IM is proposed to further improve the system error
performance [39]. In [40], a novel cascade IM scheme is pro-
posed by performing MM IM onto the activated subcarriers
in OFDM-IM, which combines the advantages of both MM
IM and conventional OFDM-IM and can further enhance
the system error performance.

In OFDM-IM, the available subcarriers in each block are
divided into several subblocks to reduce the modulation and
demodulation complexity. The dependence of the active sta-
tuses of the subcarriers in each subblock make the demodula-
tion of the optimal maximum likelihood (ML) detector
should be performed in subblock-wise, which leads to
extremely high computational complexity at the receiver side.
By taking the advantage of the orthogonality of the subcarriers
in OFDM, a subcarrier-wise ML detector, which calculates the
most likely transmitted symbols in subcarrier-wise using the
ML criterion and makes the decision of the estimate of the
transmitted symbol vector in subblock-wise, is proposed to
reduce computational complexity at the receiver [41]. To fur-
ther reduce the demodulation complexity, a series of low-
complexity detection algorithms, which have potential to
achieve near-optimal BER performance, are proposed for
OFDM-IM, such as minimum mean square error (MMSE)
detector [24], subcarrier-wise-based tree search detectors [41],
and log-likelihood ratio- (LLR-) based detectors [42]. With
the aid of the low-complexity detection algorithms, OFMD-
IM has potential to achieve the same order of the detection
complexity as that of conventional OFDM.

MIMO is another key technique for the next-generation
wireless networks, which can improve the BER performance
and the data rate of the systems [43]. To harvest the advan-
tages of both IM and MIMO techniques, MIMO-OFDM with
index modulation (MIMO-OFDM-IM) is proposed to meet
the requests of high date rate and reliable data transmission
in B5G and 6G [44, 45]. Owing to the advantage of IM in
BER performance, MIMO-OFDM-IM exhibits ability to sur-
pass conventional MIMO-OFDM. Specifically, MIMO-
OFDM-IM achieves superior BER performance due to the
robustness of the index bits, which is theoretically analyzed
in [46]. Compared with conventional MIMO-OFDM,
MIMO-OFDM-IM can provide an interesting trade-off
between SE, error performance, and performing complexity,
which provides a more flexible transceiver design.

In MIMO-OFDM-IM, each antenna transmit indepen-
dent OFDM-IM block, which means that independent
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OFDM-IM process is implemented in each branch. Inheriting
from OFDM-IM, the dependence of the active statuses of the
subcarriers within each subblock makes the detection process
becomes an intricate problem. For convenience of expression,
we define antenna activation patterns (AAPs) to denote the
active statuses of the transmit antennas of each subcarrier level
after IM in each transmit antenna. By exploiting the orthogo-
nality of the subcarriers within each subblock, the most likely
transmitted symbol vectors under the condition of different
AAPs are analyzed in [47], which shows that the optimal error
performance can be obtained by performing subcarrier-wise
ML detection in the first step and full search of SAPs under
the constrain of the IM lookup table of OFDM-IM in each
transmit antenna level in the second step. Clearly, each AAP
corresponds to a most likely transmitted symbol vector in
the subcarrier-wise detection at the receiver. To further allevi-
ate the computational burden at the receiver, LLR-based
detectors [44], ordered successive interference cancellation-
(OSIC-) based MMSE detector [46], and SMC theory-based
detectors [47, 48] are proposed for the detection of MIMO-
OFDM-IM. Although subcarrier-wise detection algorithms
have reduced the demodulation complexity tremendously,
the number of the AAPs increases exponentially with the
number of the transmit antenna, which limits the applications
of MIMO-OFDM-IM in the mMTC scenarios. Therefore,
higher efficient IM-aided schemes and low-complexity detec-
tion algorithms are critical to the mMTC scenario.

To this end, we propose a novel highly efficient (HE-)
MIMO-OFDM-IM scheme for the mMTC scenario, which
has a fixed number of the activated transmit antennas at each
subcarrier level, to improve the error performance and reduce
the computational complexity of signal processing at both
transceiver sides. In the proposed HE-MIMO-OFDM-IM
scheme, the transmit antennas are divided into several sub-
groups, and IM is performed within each transmit antenna
subgroup to achieve higher transmit diversity. With the fixed
number of the activated transmit antennas for all the subcar-
riers at the antenna dimension, the AAPs, which are similar
to those of the SM scheme, are obtained in HE-MIMO-
OFDM-IM. Unlike the number of the activated transmit
antennas ranges from zero to the number of the transmit
antennas NT in classical MIMO-OFDM-IM scheme, HE-
MIMO-OFDM-IM can use the low-complexity detection
algorithms for the SM schemes to further reduce the detection
complexity of each subcarrier level, which means that the pro-
posed scheme can achieve near same computational complex-
ity level as SM and harvests the benefits of OFDM-IM. The
main contributions of this paper are summarized as follows:

(i) A novel HE-MIMO-OFDM-IM scheme is proposed
to reduce the computational complexity at both the
transmitter and receiver sides. By dividing the trans-
mit antennas into several subgroups, higher order of
transmit diversity of index patterns and lower demod-
ulation complexity at the receiver can be realized with
the aid of the novel IM structure at the transmitter

(ii) A subcarrier-wise detection architecture, which
exploits the AAPs in transmit antenna dimension

to detect the most likely transmitted symbol vectors
subcarrier by a subcarrier, is proposed for HE-
MIMO-OFDM-IM to easily lift the demodulation
burden at the receiver. Then, the computational
complexity in terms of the floating-point operations
(FLOPs) is analyzed for different detectors, which
shows that the proposed HE-MIMO-OFDM-IM
can provide a significant reduction in demodulation
complexity compared with conventional MIMI-
OFDM-IM under the same MIMO configuration

(iii) A low-complexity two-step SMC detector is pro-
posed for HE-MIMO-OFDM-IM, which exploits
the null space submatrix based on the QR decompo-
sition of the preprocessed channel response matrix
to calculate the most likely transmitted IM patterns
in the first step and employs SMC theory to detect
the most likely transmitted symbol vectors of each
subcarrier based of the IM patterns obtained in the
first step. The simulation results in term of the
BER performance of HE-MIMO-OFDM-IM show
that the proposed SMC detector has potential to
achieve near-optimal BER performance with con-
siderably low computational complexity

The remainder of this paper is organized as follows. The
system model of HE-MIMO-OFDM-IM and the optimal ML
detector are given in Section 2. Then, a low-complexity detec-
tors is proposed in Section 3. Computer simulation results are
given in Section 4. Finally, Section 5 concludes the paper.

Notation: X denotes a matrix and x denotes a column-
vector. ð⋅ÞT and ð⋅ÞH denote transposition and Hermitian
transposition of a matrix or a vector, respectively. diag fxg
returns a diagonal matrix whose diagonal elements are
included in x. x ~CN ð0, σ2xÞ represents the distribution of
a zero mean circularly symmetric complex Gaussian random
variable x with variance σ2x . b⋅c is the integer floor operation,
and∅ denotes the empty set. k⋅k stands for Frobenius norm.
j⋅j denotes the absolute value of a complex number. Cð⋅ , ⋅Þ
denotes the binomial coefficient. pð⋅Þ denotes the probability
of an event. S denotes the complex symbol constellation of
size M. Oð⋅Þ denotes the order of detection complexity with
respect to the constellation size. FFTf⋅g denotes the fast Fou-
rier transform (FFT) operator, and IFFTf⋅g denotes the
inverse FFT operator.

2. System Model

In this section, we present the transceiver structure and the
signal model of HE-MIMO-OFDM-IM.

2.1. Transmitter. In this paper, we consider a wireless com-
munication scenario in which the devices are equipped with
NT transmit antennas and NR receive antennas. A basic
block diagram of the MIMO communication model for the
proposed HE-MIMO-OFDM-IM is shown in Figure 1. In
HE-MIMO-OFDM-IM, the transmit antennas are divided
into NTA subgroups, each of which contains two antennas,
where NTA =NT /2. In each subgroup, we can choose two

3Wireless Communications and Mobile Computing



adjacent transmit antennas or interleaved transmit antennas
to form a subgroup, which are termed as localized grouping
and interleaved grouping, respectively. Since modulation
and demodulation for the localized grouping and interleaved
grouping methods follow the identical procedures, we there-
after take two adjacent transmit antennas to form a sub-
group to illustrate the signal processes of the proposed HE-
MIMO-OFDM-IM.

In HE-MIMO-OFDM-IM, independent OFDM-IM pro-
cess is performed within each transmit antenna subgroup.
For each transmit antenna subgroup, the available N subcar-
riers are equally partitioned into G subblocks to perform inde-
pendent IM to reduce the modulation complexity, each of
which containsNS =N/G subcarriers. The basic block diagram
of OFDM-IM for each transmit antenna subgroup is given in
Figure 2. At each transmission block, a total number of
mNTA input information bits are equally separated into NTA
subgroups to fed into each transmit antenna subgroup, each
of which containsm information bits. Then, the corresponding
m input information bits are further divided into G subgroups
for each subblock, each of which contains p =m/G informa-
tion bits. The IM processes in all the subblocks are the same
and independent of each other, so let us take the gth subblock
of the ntath transmit antenna subgroup as an illustrative case to
show the procedures, where g ∈ f1, 2,⋯,Gg, nta ∈ f1, 2,⋯,
NTAg. According to the principle of IM, K out of NS subcar-
riers within the subblock are selected as the active subcarriers
to transmit the modulated symbols, which indicates that there
are total CðNS, KÞ available SAPs for the IM of each subblock.
In this paper, we define CNS, K to denote that there are NS
subcarriers in the subblock and K subcarriers are activated to
transmit modulated symbols. For each subblock, the input p
information bits are transmitted by two ways, the first way is
p1 = log2bCðNS, KÞc index bits transmitted implicitly by the
SAPs, while the second way is p2 =NS log2M modulation bits
transmitted byNS modulated symbols, whereM is the order of
the modulated symbol constellation.

In IM process, the index selector chooses one SAP
according to the p1 information bits based on the SAPs
lookup table or the combinatorial method. Since NSAP =

2p1 ≤ CðNS, KÞ, there are always some unused SAPs in
IM, which are treated as illegal SAPs and should be
avoided in the subcarrier-wise detectors. For the gth sub-
block of the ntath transmit antenna subgroup, the output
of the SAPs selector for the first antenna in the subgroup
is given by

I
nta ,gð Þ
i = n1, n2,⋯, nKf g, ð1Þ

where i ∈ f1, 2,⋯,NSAPg is the index of SAPs, nk ∈ f1, 2,
⋯,NSg, nj ≠ nk if j ≠ k, and the elements in I ðnta ,gÞ are
sorted in ascending order. The SAP of the second antenna
in the ntath transmit antenna subgroup is defined as the
complementary set of the I ðnta ,gÞ, which can be expressed
as

�I
nta ,gð Þ
i = �n1, �n2,⋯, �nNS−K

� �
, ð2Þ

where the elements in �I
ðnta ,gÞ
i are sorted in ascending

order, �nk ∈ f1, 2,⋯,NSg, �nj ≠ �nk if j ≠ k, I ðnta ,gÞ
i ∪ �I

ðnta ,gÞ
i

= f1, 2,⋯,NSg, I
ðnta ,gÞ
i ∩ �I

ðnta ,gÞ
i =∅. Then, the NS × 1

modulated symbol vector is generated according to the
rest p2 information bits, where the output of the M-ary
symbol modulator is given by

s nta ,gð Þ = s1, s2,⋯, sK , sK+1,⋯sNS

� �T , ð3Þ

where sk ∈ S is an element of M-ary quadrature amplitude
modulation (QAM) or phase-shift keying (PSK) constella-
tion, k = 1, 2,⋯,NS. In sðnta ,gÞ, the first K modulated sym-
bols are used to generate the transmitted symbol vector of
the first transmit antenna, and the rest are for the second
transmit antenna. We assume that the modulated symbols
are normalized to unit average power, i.e. EfssHg =NS.
Then, the OFDM-IM subblock creator maps the modu-
lated symbols to the activated subcarriers according to
the obtained SAPs. The final NS × 1 transmitted symbol
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Figure 1: Transceiver structure of the HE-MIMO-OFDM-IM system.
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vector of the first transmit antenna, whose index is given
by 2nta − 1, can be expressed as

xg2nta−1 = xg1 , x
g
2 ,⋯, xgNS

h iT
, ð4Þ

where xgk ∈ fS , 0g, k = 1, 2,⋯,NS. Similarly, the NS × 1
transmitted symbol vector of the second transmit antenna
with index 2nta is given by

xg2nta = xg1 , x
g
2 ,⋯, xgNS

h iT
: ð5Þ

After G subblocks corresponding to each transmit
antenna are obtained, the transmitted symbol vector can
be generated by concatenating these modulated symbol
vectors in order. The transmitted symbol vectors of the
ntath transmit antenna subgroup are given by

xFt = x1t
� �T , x2t

� �T ,⋯, xGt
� �Th iT

, ð6Þ

where the index of transmit antenna is given by t = 2nta
− 1, 2nta, nta = 1, 2,⋯,NTA. After this point, independent
inverse fast Fourier transform (IFFT) for each transmit
antenna is performed to generate the time domain trans-
mitted symbol vector, which is given by

xTt = IFFT xFt
� �

= xT1 , x
T
2 ,⋯xTN

� �T , ð7Þ

where t = 2nta − 1, 2nta and nta = 1, 2,⋯,NTA. A cyclic
prefix (CP) of NCP samples, which is longer than the
number of the channel taps, is appended to the beginning
of the time domain transmitted symbol vector in each
transmit antenna. Then, identical procedures as conven-
tional OFDM such as parallel to serial and digital-to-
analog are performed to get the high-frequency broadband
signals, which are sent simultaneously from all the trans-

mit antennas to the destination. We assume that the fre-
quency selective Rayleigh fading channel remains
constant during one block and changes blast to blast. For
the clarity of presentation, an example of IM process is
given as follows.

Example 1. In HE-MIMO-OFDM-IM, two transmit anten-
nas form a subgroup as a unit for IM to maintain fixed num-
ber of the activated transmit antennas for each subcarrier.
We assume the parameters in HE-MIMO-OFDM-IM are
given by NT =NR = 4, NTA = 2, NS = 4, K = 2, and M = 16.
Table 1 gives an example of SAP lookup table and the corre-
sponding complementary set. Without loss of generality, we
take the modulation process of the gth subblock as an illus-
trative case. In this case, a total of p1 = 2 index bits and p2
= 16 modulation bits can be transmitted per subblock. For

convenience of expression, let us define pðntaÞ1 to denote the
index bits of the ntath transmit antenna subgroup, nta = 1,
2,⋯,NTA. Assuming the input index bits for two transmit

antenna subgroups of the gth subblock are given by pð1Þ1 = ½
1, 0� and pð2Þ1 = ½0, 0�. The SAP and the complementary set
of the first transmit antenna subgroup can be easily obtained
according to lookup table, which are given by f2, 3g and f
1, 4g, respectively. Similarly, the SAP and the complemen-
tary set of the second transmit antenna subgroup are given
by f1, 3g and f2, 4g, respectively. Finally, the transmit sym-
bol matrix of the gth subblock is given by

Xg =

0 s s 0

s 0 0 s

s 0 s 0

0 s 0 s

2
666664

3
777775 =

xg1
xg2
xg3
xg4

2
666664

3
777775, ð8Þ

Xg = �xg1 �x
g
2 �x

g
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� �
, ð9Þ
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Figure 2: Block diagram of the OFMD-IM transmitter in each transmit antenna subgroup.
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where xgt with t = 1, 2,⋯, 4 in (8) denote the obtained trans-
mitted symbol vectors in (4) and (5), and �xgn denotes the
transmitted symbol vector corresponding to the nth subcar-
riers in the gth subblock, which is the data vector contains
the simultaneously transmitted symbols from all the trans-
mit antennas, and is the nth column vector in Xg, n = 1, 2,
⋯, 4. According to IM method, the transmitted symbol vec-
tors in (8) with odd indices of transmit antennas have K
activated subcarriers, while the remaining with even indices
have NS − K activated subcarriers. Furthermore, the trans-
mitted symbol vectors xgt in (8) are the final output of IM
in each transmit antenna level at the transmitter, while �xgn
in (9) forms the basic signal demodulation model in
subcarrier-wise detectors.

Similar to the SM systems, the AAPs are defined to denote
the active statuses of �xgn in (9). To illustrate the AAPs more
clarity, an example of AAPs with parameters NT = 4 and
NTA = 2 is given in Table 2, and the number of the AAPs is
given by NAAP = 2NTA . Let us define space-frequency activa-
tion patterns (SFAPs) set X to denote the active statuses of
the transmitted symbol matrix Xg, which is the combinations
of the SAPs of each transmit antenna subgroups. Since the
independent IM of each transmit antenna subgroups, there
are a total ofNSFAP = ðNSAPÞNTA SFAPs in the setX. The SFAP
of the transmitted symbol matrix in (8) is given by

Xg =

0 1 1 0

1 0 0 1

1 0 1 0

0 1 0 1

2
666664

3
777775, ð10Þ

where 1 denotes the corresponding subcarrier is activated to
transmit modulated symbol, while 0 denotes the inactive
subcarrier.

2.2. Receiver. At the receiver, the time domain received sig-
nals are transformed to frequency signals by FFT operation
in each branch after removing the CP samples. According
to the signal model of MIMO, the received signals of the
receiver antenna rð1 ⩽ r ⩽NRÞ corresponding to the gth ð1
⩽ g ⩽GÞ subblock are given by

ygr = 〠
NT

t=1
γ diag hgr,t

� �
xgt +wg

r , ð11Þ

where ygr = ½ygr,1, ygr,2,⋯, ygr,NS
�T denotes the NS × 1 received

signal vector, γ =
ffiffiffiffiffiffiffiffiffiffiffi
NS/K

p
is the power reallocation factor at

the transmitter, hgr = ½hgr,t,1, hgr,t,2,⋯, hgr,t,NS
�T denotes the NS

× 1 channel frequency response between receive antenna r

and transmit antenna t, and wg
r = ½wg

r,1,w
g
r,2,⋯,wg

r,NS
�T

denotes the NS × 1 frequency additive white Gaussian noise
(AWGN) vector with zero mean and N0 variance. We define
the signal to noise ratios (SNR) of the system as rSNR = Eb/
N0, where Eb is the average transmitted energy per bit.
Owing to the orthogonality between different subcarriers in
OFDM system, the calculation can be performed in
subcarrier-wise within each subblock. According to the
transmitted symbol vector model given in (9) and received
signal model in (11), the received signal vector for the nth
ð1 ⩽ n ⩽NSÞ subcarrier within the gth subblock can be
expressed as

yg1,n

yg2,n

⋮

ygNR,n

2
666664

3
777775 = γ

hg1,1,n hg1,2,n ⋯ hg1,NT ,n

hg2,1,n hg2,2,n ⋯ hg2,NT ,n

⋮ ⋮ ⋱ ⋮

hgNR ,1,n hgNR,2,n ⋯ hgNR,NT ,n

2
666664

3
777775 ×

xg1,n

xg2,n

⋮

xgNT ,n

2
666664

3
777775 +

wg
1,n

wg
2,n

⋮

wg
NT ,n

2
666664

3
777775,

�ygn = γ�Hg
n�xgn + �wg

n

ð12Þ

where �ygn is the NR × 1 received signal vector from all the
receive antennas at the nth subcarrier, �Hg

n denotes the corre-
sponding NR ×NT channel matrix between the all the
receive antennas and transmit antennas at the nth subcar-
rier, and �wg

n denotes the NR × 1 AWGN vector. Due to the
IM, only NTA transmit antennas are activated to transmit
nonzero modulated symbols, which can not be determined
only based on the observation of current subcarrier. There-
fore, the subcarrier-wise detection algorithms need to calcu-
late the most likely transmitted symbol vectors
corresponding to all the AAPs for each subcarrier within
the subblock. Then, a joint decision is made based on the
obtained most likely transmitted symbol vectors of NS sub-
carriers. For the nth subcarrier, the subcarrier-wise ML
detector calculates the most likely transmitted symbol vec-
tors under the condition of each AAP

b�xg
n,A að Þ = arg min

�x∈A að Þ
�ygn − γ�Hg

n�x
		 		2, ð13Þ

where a = 1, 2,⋯,NAAP, �x ∈AðaÞ denote all the possible
transmitted symbol vectors whose AAP is AðaÞ, andb�xg

n,AðaÞ denotes the obtained most likely transmitted symbol

Table 1: Reference SAPs lookup table with parameters C 4, 2.

Bits SAPs Complementary set

[0, 0] {1, 3} {2, 4}

[0, 1] {1, 4} {2, 3}

[1, 0] {2, 3} {1, 4}

[1] {2, 4} {1, 3}

Table 2: Reference AAPs for HE-MIMO-OFDM-IM with
parameters NT = 4 and NTA = 2.

AAPs A 1ð Þ A 2ð Þ A 3ð Þ A 4ð Þ

Active state

0

1

0

1

2
666664

3
777775

0

1

1

0

2
666664

3
777775

1

0

0

1

2
666664

3
777775

1

0

1

0

2
666664

3
777775
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vector corresponding to the AAP AðaÞ. The metrics of the
obtained most likely transmitted symbol vectors of the nth
subcarrier can be expressed as

p b�xg
n,A að Þ


 �
= �ygn − γ�Hg

n
b�xg
n,A að Þ

			 			2: ð14Þ

After all the most likely transmitted symbol vectors of
each subcarrier in the gth subblock are obtained, an exhaus-
tive search of all the SFAPs is performed to obtained the
final estimate of the transmitted symbol matrix, which can
be calculated as

X̂g = arg min
An∈X

〠
NS

n=1
p b�xg

n ∈An


 �
, ð15Þ

whereAn denotes the AAP of the nth subcarrier which is the
nth column of a given X , and An ∈ fAð1Þ,Að2Þ,⋯,Að
NAAPÞg. Although the subcarrier-wise ML detector can
achieve the optimal error performance, both the detection
complexity in the first step and the second step increase
exponentially with the order of constellation and SAPs,
which are given by OðMNTAÞ and OððNSAPÞNTAÞ, respectively.
The demodulation complexity in terms of the FLOPs to get
the estimate of the transmitted symbol matrix per subcarrier
is given by

3NRNT + 2NR − 1ð ÞMNTANAAP + NS − 1ð Þ NSAPð ÞNTA : ð16Þ

3. Low-Complexity Detector

The computational complexity of the optimal ML detector
increases exponentially with the order of the constellation
and the number of the transmit antenna subgroups, which
give rise to prohibitive computational complexity in the
practical applications in the mMTC scenario. In this section,
a novel two-step SMC detector is proposed to reduce detec-
tion complexity. In the first step, a null space algorithm is
proposed to calculate the metrics of the AAPs of each sub-
carrier, which can be used to calculate the most likely trans-
mitted SFAPs of the subblock. Then, the most likely
transmitted symbol vectors of each subcarrier can be calcu-
lated according to the obtained SFAPs. Before the detection,
we first calculate the noise whitening matrix of the nth ð1
⩽ n ⩽NSÞ subcarrier, which is given by

Ωg
n = �Hg

n

� �H �Hg
n


 �1/2
: ð17Þ

The output after the signal processing of noise whitening
is given by

�ygn,NW = Ωg
nð Þ−1 �Hg

n

� �H
�ygn

= γ �Hg
n

� �H �Hg
n


 �−1/2
�Hg
n

� �H �Hg
n�xgn + Ωg

nð Þ−1 �Hg
n

� �H
�wg
n

= γ �Hg
n

� �
�Hg
n

� �1/2
�xgn + Ωg

nð Þ−1 �Hg
n

� �H
�wg
n = γΩg

n�xgn + �wg
n,NW ,

ð18Þ

where �ygn,NW denotes the NT × 1 received signal vector after
the signal processing and �wg

n,NW denotes the processed NT

× 1 AWGN sample vector. Since IM is performed in each
branch, there are some inactive antennas in each subcarrier,
which indicates that there are some 0 symbols in �xgn . Assume
the AAP of the nth subcarrier is An, the formula in (18) can
be rewritten as

�ygn,NW = γΩg
n,An

�xgn,An
+ �wg

n,NW , ð19Þ

where Ωg
n,An

denotes the submatrix with dimension NT ×
NTA that deletes the columns corresponding to the inactive
subcarriers in An and �xgn,An

denotes the NTA × 1 modulated

symbol vector by deleting the zero symbols in �xgn according
to its AAP An. By performing the QR decomposition of
the matrix Ωg

n,An
, the result can be expressed as

Ωg
n,An

= Qg
α,n,An

,Qg
β,n,An

h i Rg
α,n,An


 �
NTA×NTA

0 NT−NTAð Þ×NTA

2
4

3
5 =Qg

α,n,An
Rg
α,n,An

,

ð20Þ

where Qg
α,n,An

is an NT ×NTA unitary matrix, Qg
β,n,An

is the
null space matrix with dimension NT × ðNT −NTAÞ, and
Rg
α,n,An

is an NTA ×NTA upper triangular matrix. From
(20), we have

Qg
β,n,An


 �H
Ωg

n,An
= 0, ð21Þ

which implies that ðQg
β,n,An

ÞH is orthogonal to the matrix

Ωg
n,An

. By left multiply ðQg
β,n,An

ÞH to the received signal vic-

tor �ygn,NW given in (18), the output can be expressed as

�ygn,C = Qg
β,n,An


 �H
�ygn,NW = γ Qg

β,n,An


 �H
Ωg

n,An
�xgn,An

+ Qg
β,n,An


 �H
�wg
n,NW :

ð22Þ

If Qg
β,n,An

is the correct null space matrix, the result of

(22) can be expressed as �ygn,C = ðQg
β,n,An

ÞH �wg
n,NW , which fol-

lows zero mean Gaussian distribution; otherwise, the trans-
mitted symbol vectors are nonorthogonal to the null space
and the output will be nonzero mean variables. Therefore,

k�ygn,Ck2 can be used as the metrics for the detection of the
possible AAPs of each subcarrier and the SFAPs of each sub-
block. Let us define φg

nðAðaÞÞ to denotes the metric of the n
th subcarrier corresponding to the AAP AðaÞ, which is
given by

φg
n A að Þð Þ = Qg

β,n,A αð Þ

 �H

�ygn,NW

				
				2, ð23Þ

where Qg
β,n,AðαÞ denotes the null space of the nth subcarrier

obtained from the submatrix Ωg
n,AðaÞ which is generated by
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deleting the columns corresponding to the inactive subcar-
riers according to AðaÞ, a = 1, 2,⋯,NAAP.

After the calculation of NS subcarriers within the gth
subblock, the estimate of SFAP can be obtained by using a
SD-like algorithm to find the most likely transmitted SFAPs
of the subblock in the subcarrier to subcarrier manner based
on the metrics obtained in (23). Considering there are some
illegal SAPs in IM in each branch, which will lead to cata-
strophic errors both in the demodulation of IM bits and
the location of the modulated symbols as well as their order.
Therefore, we need to check the validity of the SAP of each
transmit antenna subgroup during the searching process.
The SD-like algorithm can be performed in several steps as
follows.

Step 1: let us define X̂
g
n,k to denote the survival partial

SFAPs reach the nth ð1 ⩽ n ⩽NS − 1Þ subcarrier level, where
the kth survival partial SFAPs can be expressed as

X̂
g
n,k = A

g
1,k,A

g
2,k,⋯,Ag

n,k
� �

, ð24Þ

where Ag
n,k denotes the AAP at the nth subcarrier in the kth

survival partial SFAPs X̂
g
n,k, k = 1, 2,⋯, θA denotes the index

of the survival partial SFAPs and θA is the maximum num-
ber of the reserved survival partial SFAPs at each subcarrier
level. The corresponding cumulative metrics of the partial
SFAPs can be calculated as

φ X̂
g
n,k


 �
= 〠

n

i=1
φ
g
i A

g
i,k

� �
, ð25Þ

where φ
g
i ðAg

i,kÞ denotes the metric at ith subcarrier corre-

sponding to the AAP in the kth survival partial SFAP X̂
g
n,k.

Then, the partial SFAPs of the ðn + 1Þth subcarrier can be
directly calculated based on the obtained calculation results
in (24) and (25).

Step 2: the entire partial SFAPs at the ðn + 1Þth subcar-
rier level based on the obtained results in (24) and (25)
can be expressed as

X̂
g
n+1,l = X̂

g
n,k,A að Þ

h i
= A

g
1,k,A

g
2,k,⋯,Ag

n,k,A að Þ� �
, ð26Þ

where l = 1, 2,⋯, θANAAP is the index of entire partial
SFAPs at the ðn + 1Þth subcarrier level, k = 1, 2,⋯, θ, a = 1,
2,⋯,NAAP. The cumulative metrics of the partial SFAPs in
(26) can be obtained by updating the metrics in (25), which
can be calculated as

φ X̂
g
n+1,l


 �
= φ X̂

g
n,k


 �
+ φ

g
n+1 A að Þð Þ: ð27Þ

After this point, θA partial SFAPs with better metrics are
kept as the survival partial SFAPs at the ðn + 1Þth subcarrier
level for the calculation of the next subcarrier level. In this
process, we need to check the validity of the SFAPs of each
transmit antenna subgroup, which can be actualized with
the aid of an illegal SAP table at each subcarrier level. An
example of the illegal SAPs table of each subcarrier level cor-

responding to the SAPs given in Table 1 is given in Table 3.
The obtained survival SFAPs and the corresponding metrics
are given by

X̂
g
n+1,k = A

g
1,k,A

g
2,k,⋯,Ag

n,k,A
g
n+1,k

� �
, ð28Þ

φ X̂
g
n+1,k


 �
= 〠

n+1

i=1
φ
g
i A

g
i,k

� �
, ð29Þ

respectively, where the index k is given by k = 1, 2,⋯, θA.
Note that although the formulae expresses in (28) and (29)
have the same form as that in (24) and (25), the elements
in them may different even with same index k because some
partial SFAPs may be eliminated due to the metrics in (27).
Finally, let us set ncurrent = n + 1 and check whether the
search process reach the last subcarrier level. If ncurrent =NS
, go to Step 3 for the following demodulation procedures;
otherwise set n = ncurrent and repeat Step 2.

Step 3: when it arrives the last subcarrier level, θF SFAPs
with better metrics are selected as the most likely transmit-
ted SFAPs for the calculation of the modulated symbols,
which are given by

X̂
g
NS ,c = A

g
1,c,A

g
2,c,⋯,Ag

NS ,c

h i
, ð30Þ

where c = 1, 2,⋯, θF . For convenience of expression, let us
define Xg

n = fAg
n,1,A

g
n,2,⋯A

g
n,θF

g to denote the set of the

AAPs of thenth subcarrier in X̂
g
NS ,c, n = 1, 2,⋯,NS.

According to the obtained AAP set of the nth subcarrier,
the most likely transmitted symbol vectors can be calculated
based on the SMC theory. Note that the AAPs of each sub-
carrier may identical in different SFAP estimates, the most
likely transmitted symbol vectors corresponding to these
AAPs are only needed to be calculated once. For a given
AAP Ag

n,c, the noising submatrix Ωg
n,Ag

n,c
which only keeps

the columns corresponding to the activated transmit anten-
nas according to the AAP Ag

n,c. Then, QR decomposition
given in (20) is perform to get the demodulation signal
model for SMC calculation. Consequently, we have

�ygn,c = Qg
α,n,Ag

n,c


 �H
�ygn,NW = γRg

α,n,Ag
n,c
�xgn,c + Qg

α,n,Ag
n,c


 �H
�wg
n,NW ; ;

ð31Þ

where �xgn,c denotes the nonzero modulated symbol vector of
the transmitted symbol vector �xgn corresponding to the AAP
Ag

n,c. Formula (31) can be rewritten in matrix wise

y1,n

y2,n

⋮

yK ,n

2
666664

3
777775 = γ

r1,1 r1,2 ⋯ r,1K

0 r2,2 ⋯ r2,K

0 ⋮ ⋱ ⋮

0 0 ⋯ rK ,K

2
666664

3
777775

s1

s2

⋮

sK

2
666664

3
777775 +

�w1

�w2

⋮

�wK

2
666664

3
777775:

ð32Þ

8 Wireless Communications and Mobile Computing



According to the SMC theory, the detection process of
the most likely transmitted symbol vectors associated with
Ag

n,c can be performed in antenna to antenna manner from
the Kth activated transmit antenna to the first activated
transmit antenna. Based on the sequential distribution and
the sequential structure derived in [48], the a posteriori
probability at the kth activated transmit antenna level can
be calculated as

p �sgn,c
� �

k
�ygn,c

� �
k

��� �
∝ p �ygn,c

� �
k

�sgn,c
� �

k

��� �
∝

Yk
t=K

p ygt,n �sgn,c
� �

t

��� �
∝ p �ygn,c

� �
k+1

�� �sgn,c
� �

k+1

� �
p ygk,n �sgn,c

� �
k

��� �
,

ð33Þ

where f�sgn,cgk ≜ ½sk, sk+1,⋯, sK �T is the partial symbol vector
when the calculation reaches the kth activated transmit
antenna level and f�ygn,cgk ≜ ½yk, yk+1,⋯, yK �T denotes the
partial receive signal vector reaches the kth activated trans-
mit antenna level. For the calculation of each activated trans-
mit antenna level, we define the ðK − k + 1Þ × 1 nonzero
vector rk = ½rk,k, rk,k+1,⋯rk,K � to denote the vector which is
constructed by K − k + 1 nonzero elements in the kth row
of the matrix Rg

α,n,Ag
n,c
. Therefore, the SMC algorithm draws

particles from each activated transmit antenna level and
keeps θS particles according to the probabilities in (33) for
the calculation of the next antenna level. After the calcula-
tion of the kth activated transmit antenna level, θS reserved

particles can be expressed as f�sgn,cgðθÞk with their important

weights pðf�ygn,cgkjf�sgn,cgðθÞk Þ, where θ = 1, 2,⋯, θS. In the
SMC algorithm, the particles at the ðk − 1Þth activated trans-
mit antenna level can be expressed as

�sgn,c
� � lð Þ

k−1 = sk−1, �sgn,c
� � θð Þ

k


 �T

 �T

, ð34Þ

where l = 1, 2,⋯MθS. Note that all the particles at the ðk −
1Þth activated transmit antenna level are updated from θS
particles at the kth activated transmit antenna level, which
indicates that the important weights can be updated from
that of the kth activated transmit antenna level. The updat-
ing of the important weights at the next antenna level, which
is performed based of the important weights of the obtained
θS particles, can be calculated as

p �ygn,c
� �

k−1 �sgn,c
� � lð Þ

k−1

���
 �
∝ p �ygn,c

� �
k

�sgn,c
� � θð Þ

k

���
 �
p ygk−1,n �sgn,c

� � lð Þ
k−1

���
 �
:

ð35Þ

When it reaches the first activated transmit antenna level,

the final θS particles can be expressed as f�sgn,cgðθÞ1 with θ = 1,
2,⋯, θS. The complete θS symbol vectors can be generated

directly by mapping the obtained particles f�sgn,cgðθÞ1 to the non-
zero indices according to the AAP Ag

n,c, which are given by

f�xgn,cgðθÞ. Then, the most likely transmitted symbol vector of
the nth subcarrier corresponding to the AAP Ag

n,c can be cal-
culated based on the signal model given in (18)

b�xg
n,Ag

n,c
= arg min

�x∈ �xgn,cf g θð Þ
�ygn,NW − γΩg

n�x
		 		2, ð36Þ

and the corresponding decision metric is given by

p b�xg
n,Ag

n,c


 �
= �ygn,NW − γΩg

n
b�xg
n,Ag

n,c

			 			2: ð37Þ

The final SFAP estimate of the gth subblock can be calcu-
lated based on the metrics of most likely transmitted symbol
vectors of the AAPs in X̂

g
NS ,c

X̂
g = arg min

X̂
g
NS ,c

〠
NS

n=1
p b�xg

n,Ag
n,c


 �
, ð38Þ

where c = 1, 2,⋯, θF . After this point, the obtained final SFAP
can be expressed as

X̂
g = A

g
1 ,A

g
2 ,⋯,Ag

NS

h i
: ð39Þ

Finally, the estimate of the transmitted symbol matrix can
be obtained by concatenating the most likely symbol vectors of
each subcarrier in (36) according to the final SFAP estimate
X̂

g
, which is given by

X̂g = b�xg
1,Ag

1
, b�xg

2,Ag
2
,⋯, b�xg

NS ,A
g
NS

h i
: ð40Þ

The computational complexity in terms of the FLOPs of
the SMC detector can be obtained according to the above for-
mulae. Since the repetitions of AAPs in the different obtained
SFAPs are difficult to count, we omit it in the following com-
putational complexity analysis. The computational complexity
in terms of the FLOPs to get the final estimate of the transmit-
ted symbol matrix per subcarrier is less than

NAAP 2NTANT −NTA + θA + 1ð Þ
+NT 2NTNR +NR − 1ð Þ + θF 2θSNT NT + 1ð Þð Þ
+ θF 2NT NTA − 1ð Þ + θSM NTAð Þ2 + 3NTA

� �� �
:

ð41Þ

From the above analysis, the computational complexity of
a given system is affected by the parametersθF and θS, which

Table 3: Illegal paths table for OFDM-IM with parameters C 4, 2.

Subcarrier level Illegal paths

Subcarrier 1 ∅

Subcarrier 2 [0 0], [1 1]

Subcarrier 3 ∅

Subcarrier 4
[0 1 0 0], [0 1 1 1]
[1 0 0 0], [1 0 1 1]
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indicates that an interesting trade-off between the system error
performance and demodulation complexity can be realized by
adjusting these parameters.

4. Simulation Results

In this section, we perform Monte Carlo simulations to verify
the error performance of HE-MIMO-OFDM-IM with differ-
ent parameters. The MIMO configuration in simulations is
given by NT = 4 and NR = 4. The length of the OFDM bloc
is given by N = 128, and the length of CP is NCP = 16. In
HE-MIMO-OFDM-IM, the parameters of IM in each sub-
block are given by C4, 2. In the computer simulations,
uncoded transmission is considered over frequency-selective
Rayleigh fading MIMO channels, whose maximum delay
spread is less than 12 sampling periods. It is assumed that
the receiver estimates the perfect channel state information,
which is unknown at the transmitter. Here, we use MMSE-
LLR to denote the proposed low-complexity MMSE-LLR
detector for MIMO-OFDM-IM in [44] and HSMC detector
to denote the SMC detector proposed in [47], which can also
be employed in the proposed HE-MIMO-OFDM-IM scheme.

Figure 3 compares the BER performance between con-
ventional MIMO-OFDM-IM and HE-MIMO-OFDM-IM
with constellations 4QAM, 8QAM, and 16QAM by employ-
ing the optical ML detector. Since the computation complex-
ity of the ML detector of MIMO-OFDM-IM with

constellation 16QAM is too high, the corresponding curve
is not provided in Figure 3. It is observed in Figure 3 that
HE-MIMO-OFDM-IM outperforms conventional MIMO-
OFDM-IM with same constellation and IM parameters due
to the transmit diversity achieved by the HE-MIMO-
OFDM-IM scheme. According to the principle of IM, p1
index bits occupies only a small percentage in the p total bits
because small size of subblock is needed to maintain low
complexity in both modulation and demodulation. In partic-
ularly, there are total p = 10 bits per subblock in MIMO-
OFDM-IM when 16QAM employed and the proposed
scheme suffers only one bits loss per subblock, the percent-
age of loss decreases as the order of constellation increases
because the loss of index bits do not change with the order
of the constellation. By reducing the number of the activated
subcarriers in the subblock, i.e., K = 1, the proposed HE-
MIMO-OFDM-IM outperforms conventional MIMO-
OFDM-IM with the same SE. Note that, the computation
complexity in the calculation of the most likely transmitted
symbol vectors for each subcarrier does not change with
the number of the activated subcarriers K in conventional
MIMO-OFDM-IM. Combining with the demodulation
complexity comparison in Figure 4, the proposed HE-
MIMO-OFDM-IM achieves extremely low detection com-
plexity when higher-order constellations are employed.
Therefore, low detection complexity and gradually dimin-
ished SE loss in higher-order constellations applications

SNR (dB)

BE
R

HE-MIMO-OFDM-IM 16QAM 2.25 bps (Hz)
MIMO-OFDM-IM C4, 2 8QAM 2 bps (Hz)
HE-MIMO-OFDM-IM 8QAM 1.75 bps (Hz)
MIMO-OFDM-IM C4, 1 8QAM 1.25 bps (Hz)
MIMO-OFDM-IM C4, 2 4QAM 1.5 bps (Hz)
HE-MIMO-OFDM-IM 4QAM 1.25 bps (Hz)
MIMO-OFDM-IM C4, 1 4QAM 1 bps (Hz)

100

10–1

10–2

10–3

10–4

10–5

0 5 10 15 20 25

Figure 3: Error performance comparison of conventional MIMO-OFDM-IM and HE-MIMO-OFDM-IM with optimal ML detectors.
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make the proposed HE-MIMO-OFDM-IM becomes a com-
petitive alternative to conventional MIMO-OFDM-OFDM.

Figure 4 compares the computational complexity in
terms of the flops for the optimal ML detectors for both
MIMO-OFDM-IM and HE-MIMO-OFDM-IM, the SMC
detector with parameter θA = θF = 4 and θS = 5 for HE-
MIMO-OFDM-IM. In comparisons, 4 × 4MIMO configura-
tion is considered. The OFDM-IM parameters in compari-
son are given by NS = 4 and K = 2. Due to there are some
identical AAPs in θF final SFAPs at the same subcarrier
level, the computational complexity of the SMC detector is
obtained by the computer simulations. As shown in
Figure 4, the computational complexity of the optimal ML
detector for HE-MIMO-OFDM-IM is less than that of
MIMO-OFDM-IM, which validates that the proposed
scheme has potential to meet the request of low-
complexity implementation scenarios. This can be explained
that the proposed HE-MIMO-OFDM-IM has only 2NTA

AAPs which have NTA nonzero symbols, while MIMO-
OFDM-IM has 2NT AAPs in which the nonzero symbols
range from 0 to NT . The SMC detector can further reduce
the demodulation complexity by exploiting the null space
to calculate the most likely transmitted SFAPs and calculates
the most likely transmitted symbol vectors by using the SMC
algorithm in the second step. Furthermore, other low-
complexity detection algorithms can be used to substitute
the SMC algorithm after the null space calculations in the
second step, which can further reduce the demodulation
complexity for high-order MIMO configurations.

Figure 5 compares the BER performance of different
detectors for HE-MIMO-OFDM-IM with 4QAM and
16QAM constellations. The number of the survival partial
SFAPs of each subcarrier level in the proposed SMC detector
is given by θA = θF = 4 and the number of the particles in the
SCM algorithm is given by θS = 5. The number of the parti-
cles in the HSMC detector for 4QAM and 16QAM constel-
lations are given by θS = 6 and θS = 13, respectively, and
the survival paths in the SD-like algorithm to get the esti-
mate of the submatrix is given by θpath = 8. Because there
are some illegal AAPs, a validity check of the AAPs in the
calculation of the most likely transmitted symbol vectors is
needed in the HSMC detector. The MMSE-LLR detector suf-
fers from a significant error performance degradation com-
pared with the optimal ML detector and the proposed
SMC detector due to only one receive diversity order
achieved. As shown in Figure 5, all the SMC detectors
achieve near-optimal BER performance with the reduced
computational complexity, which indicates that the SMC
detectors achieve the diversity order NR as that of the opti-
mal ML detector. In particularly, the proposed SMC detector
has potential to achieve almost the same BER performance
as that of the optimal ML detector in the medium to high
SNRs, which demonstrate that the null space method can
effectively acquire almost the same SFAP estimate as that
of the optimal ML detector if enough partial SFAPs are kept
at each subcarrier level in the calculations. This phenome-
non indicates that two-step detection algorithm, in which
the first step uses the null space method to get the most

2
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Figure 4: Flops comparison of different detectors for conventional MIMO-OFDM-IM and HE-MIMO-OFDM-IM.
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likely transmitted SFAPs and the second step detects the
modulated symbol vectors based the results in the first step,
can be a valuable method for the IM-aided MIMO systems.
Furthermore, the SMC detector can achieve a trade-off
between error performance, system SE, and demodulation
complexity by adjusting the corresponding parameters to
meet the requests of different scenarios.

5. Conclusion

In this paper, we have proposed a novel HE-MIMO-OFDM-
IM scheme which performs IM in each transmit antenna
subgroup to achieve two transmit diversity order of IM pat-
terns and achieves extremely low computational complexity
at the receiver side. Then, the subcarrier-wise ML detector,
which is performed in two steps, is proposed for HE-
MIMO-OFDM-IM. Due to the fixed number of the activated
transmit antennas at each subcarrier level, the null space
submatrix of the QR decomposition of the noise whitening
preprocessed channel response matrix can be used to calcu-
late the most likely transmitted IM patterns of each sub-
block. Then, a novel SMC detector is proposed to exploit
the null space submatrix to calculate the most likely trans-
mitted SFAPs first and then calculates the most likely trans-
mitted symbol vectors of each subcarrier based on the SMC
theory according to the obtained most likely transmitted
SFAPs. The computer simulation results have shown that
the proposed HE-MIMO-OFDM-IM achieves better BER
performance under same constellation at cost of a minor

SE and achieves extremely low demodulation complexity
compared with that of conventional MIMO-OFDM-IM.
Consequently, the advantages in error performance and
computational complexity makes the proposed HE-MIMO-
OFDM-IM more favorable to the mMTC scenarios.
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