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Abstract—Multiple-input multiple-output orthogonal frequency
division multiplexing with index modulation (MIMO-OFDM-IM),
which provides a flexible trade-off between spectral efficiency and
error performance, is recently proposed as a promising transmis-
sion technique for energy-efficient 5G wireless communications
systems. However, due to the dependence of subcarrier symbols
within each subblock and the strong interchannel interference, it
is challenging to detect the transmitted data effectively while im-
posing low computational burden to the receiver. In this paper,
we propose two types of low-complexity detectors based on the
sequential Monte Carlo (SMC) theory for the detection of MIMO-
OFDM-IM signals. The first detector draws samples independently
at the subblock level, while the second detector draws samples at
the subcarrier level with further reduced complexity. To meet the
constraint of the subcarrier combinations within each subblock,
the second detector is further coupled with a carefully designed le-
gality examination method. Attributed to the effectiveness of legal-
ity examination and deterministic SMC sampling, both proposed
detectors achieve near-optimal error performance for the MIMO-
OFDM-IM system.

Index Terms—QOFDM with index modulation (OFDM-IM), spa-
tial modulation (SM), MIMO systems, sequential Monte Carlo
(SMC), maximum-likelihood (ML) detection.

I. INTRODUCTION

ITH the increasing demand for higher spectral effi-
W ciency and reliability in the next generation wireless
communications, multiple-input multiple-output (MIMO) sys-
tems have been receiving great attention for their ability in
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improving the transmission rate and error performance [1]—[3].
Recently, anovel MIMO scheme called spatial modulation (SM)
has emerged as an appealing candidate to fulfill the spectral and
energy efficiency requirements of the next generation wireless
communication systems [4]-[10]. In SM, information bits are
conveyed by not only the modulated symbol but also the index
of the active transmit antenna. Compared with classical MIMO,
SM has a number of advantages, including reduced interchan-
nel interference, relaxed inter-antenna synchronization require-
ments, and reduced receiver complexity [6], [7]. Owing to its
various advantages, design and analysis of SM transmission
in various scenarios, e.g., adaptive SM [11]-[13], generalized
SM [14]-[16], and energy evaluation of SM [17]-[20], are ex-
tensively investigated. Specially, for practical multipath fading
channels, single-carrier aided SM [21]-[23] is conceived as an
appealing technique to eliminate inter-antenna interference and
achieve high energy efficiency with only one active antenna at
any time instant. Compared with single-carrier transmission,
orthogonal frequency division multiplexing (OFDM) is usu-
ally more favored for multipath fading channels as it facilitates
low-complexity receiver design by converting the multipath fad-
ing channel into several parallel flat fading channels in the ex-
pense of an increased peak-to-average-power ratio (PAPR) at the
transmitter.

By replacing the antenna indices in the MIMO system with the
subcarrier indices of the OFDM signal, the concept of SM has
been successfully transplanted to OFDM systems [24]—-[27]. As
the representative frequency-domain extension of SM, OFDM
with index modulation (OFDM-IM), which activates a subset
of subcarriers to carry the modulated symbols simultaneously,
is proposed in [26]. In OFDM-IM, the information is embed-
ded in both subcarrier indices and M -ary constellation domains.
Compared with classical OFDM, OFDM-IM provides a more
flexible trade-off between the spectral efficiency and the error
performance [28], and has the potential to achieve much bet-
ter bit error rate (BER) performance for low-to-mid spectral
efficiencies [26].

Owing to its interesting properties and superior BER perfor-
mance, OFDM-IM has attracted considerable research interest
over the past few years [28]-[42]. A subcarrier-level interleaving
method is proposed for OFDM-IM to attain coding gains from
uncorrelated subcarriers [29], [30]. In [31], OFDM-IM coupled
with the coordinate interleaving principle is proposed to ex-
plore potential diversity gains of OFDM-IM. By extending the
index modulation to include both the in-phase and quadrature
dimensions, a generalization of OFDM-IM is proposed in [32].
Following [32], a low-complexity maximum-likelihood (ML)
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detector is developed in [28]. By introducing the index
modulation in both space and frequency domains, a general-
ization of space-frequency index modulation is proposed to
convey information via antenna index, subcarrier index, and
M-ary modulation bits [33]. To reduce the intercarrier in-
terference caused by Doppler shift and/or transceiver imper-
fection, OFDM-IM merged with intercarrier interference self-
cancellation is proposed in [34]. In [35], a hybrid OFDM-IM
technique is proposed to enhance the spectral efficiency and
deal with the severe intercarrier interference problem encoun-
tered in underwater acoustic communications. In [36] and [37],
the optimal number of active subcarriers selection problem is
investigated. In recent times, the performance of OFDM-IM is
analyzed in terms of ergodic achievable rate [38] and average
mutual information [39].

Due to the advantages of OFDM and MIMO transmission
techniques, the combination of them has been regarded as a
promising solution for enhancing the data rates of next gen-
eration wireless communications systems. More recently, by
combining OFDM-IM with MIMO transmission techniques, a
novel MIMO-OFDM with index modulation (MIMO-OFDM-
IM) scheme is presented in [40], which exhibits the potential to
surpass the classical MIMO-OFDM. Specifically, by deactivat-
ing a subset of subcarriers, MIMO-OFDM-IM has the potential
to achieve much better BER performance than classical MIMO-
OFDM, resulting in higher energy efficiency for practical sys-
tems. Then, the error performance of the MIMO-OFDM-IM
scheme is investigated theoretically for different types of detec-
tors in [41] and its adaptation to visible light communication
systems is presented in [42]. In this scheme, since each transmit
antenna transmits an independent OFDM-IM block, its spec-
tral efficiency can reach N, times that of OFDM-IM, where
N, denotes the number of transmit antennas. Inheriting from
OFDM-IM, MIMO-OFDM-IM is also able to provide an in-
teresting trade-off between the spectral efficiency and the error
performance by adjusting the number of active subcarriers in
each OFDM-IM subblock. However, due to the dependence of
the subcarrier symbols within each OFDM-IM subblock and the
strong inter-channel interference (ICI) between the transmit an-
tennas of the MIMO-OFDM-IM system, it becomes much more
challenging to detect the active subcarrier indices and modu-
lated symbols. Although the ML detector is able to achieve
optimal performance, it necessitates an exhaustive search with
prohibitive computational complexity, which makes itself im-
practical for MIMO-OFDM-IM. To reduce the detection com-
plexity, several low complexity detectors, e.g., simple minimum
mean square error (MMSE) detector, log-likelihood ratio (LLR)
based MMSE detector, and ordered successive interference can-
cellation (OSIC) based MMSE detector are proposed for the de-
tection of MIMO-OFDM-IM [40], [41]. However, those existing
low complexity detectors suffer from a significant error perfor-
mance loss compared to the ML detector. Therefore, the design
of low-complexity detection algorithms for MIMO-OFDM-IM
with near-optimal error performance remains an open as well as
challenging research problem.

In this paper, in order to achieve near-optimal error perfor-
mance while maintaining low computational complexity, two
types of detection algorithms based on the sequential Monte
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Carlo (SMC) theory are proposed for MIMO-OFDM-IM. By
regarding each OFDM-IM subblock as a super modulated
symbol drawn from a large finite set, the first type of detector
draws samples independently at the subblock level. Although it
is capable of achieving near-optimal performance with substan-
tially reduced complexity, its decoding complexity can be still
unsatisfactory when the size of the OFDM-IM subblock grows
much larger. To further reduce the complexity, the second type
of detector is proposed to draw samples subcarrier-wise from
the modified constellation with a much smaller size. To meet
the constraint on the legal active subcarrier combinations within
each OFDM-IM subblock, the second type of detector is cou-
pled with a carefully designed examination method to avoid
illegal samples. Thanks to the effectiveness of the deterministic
SMC sampling and legality examination, it only suffers from a
marginal error performance loss. Finally, computer simulation
and numerical results in terms of BER and number of com-
plex multiplications (NCM) corroborate the superiority of both
proposed detection methods.

The rest of this paper is organized as follows. Section II
introduces the system model of MIMO-OFDM-IM. Section III
gives a brief introduction of deterministic SMC and a sequential
structure of MIMO-OFDM-IM. The deterministic SMC aided
detection methods are developed in Section IV. The compu-
tational complexity of different detection methods is analyzed
and compared in Section V. Section VI provides the computer
simulation and numerical results. Finally, conclusions are given
in Section VII.

Notation: Upper and lower case boldface letters denote matri-
ces and column vectors, respectively. ()", (-)", and (-) ' stand
for transpose, Hermitian transpose, and matrix inversion opera-
tions, respectively. (-)(*) denotes the b-th particle drawn by the
SMC sampling, its associated importance weight, or its predic-
tion distribution. (-);; denotes the hypothesis drawn with the
sample being the i-th element of a finite set, its associated im-
portance weight, or its prediction distribution. {x,, }_; denotes
a N-size set, whose elements are 1, . . ., xy . diag{x} returns a
diagonal matrix whose diagonal elements are included in x. | - |
denotes the absolute value if applied to a complex number or the
cardinality if applied to a set. The probability density function
(PDF) and the probability mass function (PMF) are denoted by
p(+) and P(-), respectively. ¢ (-) represents the trial distribution
chosen for the SMC sampling. E{-} stands for expectation and
|-] denotes the floor function. The order of detection complexity
with respect to the constellation size is denoted by O(-). || - ||,
denotes the £,-norm and () represents the empty set. count-)
returns the number of non-zero elements in a set or a vector. (g )
denotes the binomial coefficient, which is defined to be zero if
N < K.

II. OVERVIEW OF MIMO-OFDM-IM

In this paper, we consider a MIMO-OFDM-IM system
equipped with V; transmit and N, receive antennas [40], [41].
The block diagram of the MIMO-OFDM-IM transmitter is de-
picted in Fig. 1. Each MIMO-OFDM-IM frame is comprised
of a total number of mN; incoming data bits. These bits are
divided into N; groups for [V; transmit antennas, each of which
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Fig. 1. Block diagram of MIMO-OFDM-IM transmitter.

contains m bits for the generation of an OFDM-IM block to be
transmitted from a transmit antenna. These m bits are further
divided into GG subgroups, each of which consists of p bits, i.e.,
m = Gp. Assuming Ny available subcarriers of each block,
each subgroup is then used to generate an OFDM-IM subblock
consisting of N = Ny /G subcarriers.

Unlike classical OFDM, which maps all data bits to the con-
stellation points for all subcarriers, OFDM-IM separates p bits
of each subblock into two parts for different purposes: the first
part with p; = |log, () )] bits is used to select K active sub-
carriers, while the remaining N — I subcarriers are set to be
idle;' the second part with p, = K log, M bits is mapped into
K modulated symbols for the K active subcarriers via M -ary
modulation. The mapping between the p; bits and the sub-
carrier combination patterns can be implemented by using a
look-up table or the combinatorial method [26]. Consider the
g-th (1 < g < G) OFDM-IM subblock at the ¢t-th (1 < ¢t < N;)
transmit antenna. Accordingly, the output of the first part should
be the indices of K active subcarriers, which are given by the
following set:

JP =), 5 (K)} (1)

where j¢(k) € {1,...,N} for k=1,...,K, and the ele-
ments of J{ are sorted in an ascending order, i.e., j/(1) <
J/(2) < -+ < j/(K). The output of the second part should
be K modulated symbols {s{ (1)}, c s, where s/ (n) is drawn

from a complex alphabet S with |S|= M and we as-
sume that E{|s](n)[*} =1 for the normalization of signal
constellation. Therefore, the g-th OFDM-IM subblock ele-
ment at the {-th transmit antenna can be expressed as x| =
(27 (1) 2§ (2) -+ 2f (N)]", where

s/(n), neclJ’
g(n) — t( ) t ) ) (2)
0, otherwise

From above, it is clear that each subblock of the MIMO-OFDM-

IM contains a fixed number of active subcarriers, whose posi-
tions carry information through the subcarrier indices.

Note that to modulate an integer number of bits, only N = 271 subcarrier
combination patterns are permitted and the remaining (;) — N¢ patterns are
considered to be illegal.
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Fig. 2. Block diagram of MIMO-OFDM-IM receiver.

After generating all OFDM-IM subblocks, each OFDM-IM
block is created by concatenating G OFDM-IM subblocks
in each branch of the transmitter, which is denoted by x; =
()T (AT -+ ()T 2 [ (1) 4(2) -+~ 2 (Np)IT,
where 1 <t < N;. To fully benefit from the frequency-
selective fading, a G x N block interleaver (a.k.a. OFDM-IM
with interleaved grouping in [29], [38]) is employed in each
branch of the transmitter. Before transmission, each OFDM-IM
block is first transformed into the time-domain signal block
by employing an Np-point inverse discrete Fourier transform
(IDFT), and then appended with a CP of length N,,, which
is longer than the maximum delay spread of the channel. The
spectral efficiency of MIMO-OFDM-IM, measured in terms of
bit/s/Hz, is thus given by

_ mN; - N [log, (?()J
Ny +N, 'N+N,/G

Klog, M
"N+N,/G

7 ©))

As shown in Fig. 2, after passing through the frequency-
selective MIMO channel, the CP is removed and an Np-point
discrete Fourier transform (DFT) followed by a G x N block
deinterleaver is employed at each receive antenna to obtain the
received block in the frequency domain. Specifically, for the -
th (1 < r < N,)receive antenna, the g-th (1 < g < G) received
subblock after block deinterleaving can be expressed as

! = i\/ﬁidiag{hﬁ,t}X?JrW? €
VN VE &

where y¢ £ [y (1) y4(2) --- y?(N)]T, p is signal-to-noise ra-
tio (SNR) per receive antenna, h? , denotes the corresponding
channel vector of dimensions N x 1 which contains the chan-
nel frequency responses (CFRs) for the g-th OFDM-IM sub-
block, and w? is the N x 1 vector comprised of zero-mean
independent additive white Gaussian noise (AWGN) samples
x
mitter to balance the total transmit power, which is referred to
as power reallocation in [24] and [38]. Furthermore, for the
n-th (1 < n < N) subcarrier of the g-th (1 < g < G) OFDM-
IM subblock, the signal vector observed at the receiver can be

with unit variance. Here the factor is applied at the trans-
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collected as

yi(n)
Y5 (n)
Y%, (n)
——_——
v
[ hiq(n) B, (n) h n, (n)
o [N hg,l(n) hg,z(") hg.N/ (n)
CVNVE | : :
_h}’\,l(n) h}’\ 2(n) h}’\Nt (n)
HY
z{(n) 7 w(n
a5 (n) wy (n
X . —+ ) &)
iy, (n) | wy (n)

where ¥ is the received signal vector, HY is the corresponding
channel matrix which contains the CFRs between the transmit
and receive antennas at the n-th subcarrier, x¢ is the data vector
which contains the simultaneously transmitted symbols from all
transmit antennas at the n-th subcarrier, and w is an N, x 1
AWGN vector whose elements have zero mean and unit vari-
ance. After applying the matched filter and noise whitening? to
(5), the output can be written as

yi &A™ @)y

N
=\ T ADYx w ®)

where AY = (HY)"HY, and w? = (A9)~/2(HY)HWY is an
N; x 1 AWGN vector whose elements have zero-mean and unit
variance. Let us stack the received signal vectors in (6) for
N consecutive subcarriers of the g-th (1 < g < G) OFDM-IM
subblock, which can be expressed as

~ 1/2
yi (A 0
| o N| 0 (A’
| VM VEKE :
v 1/2
Y 0 0 (A9)Y
9 As
x{ wi
%9 w
x| |+ . )
X% wi
S/_/ %,—/

1

2The matched filter and noise whitening maximize the received SNR without
changing the noise whitening characteristics.
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where §9 is the received signal vector after stacking, AY is
a block diagonal channel matrix whose diagonal elements are
(A9)Y/2 withn = 1,..., N and the off-diagonal elements are
zero matrices 0 of size V; x IV;, X9 is the data vector after stack-
ing all g-th OFDM-IM subblocks, and w7 isa V; N x 1 AWGN
vector whose elements have zero-mean and unit variance.

By considering a joint detection for all g-th OFDM-IM sub-
blocks from different transmit antennas, the ML detector based
on (7) for MIMO-OFDM-IM is given by

co P N Koz
y N \/; Adx
Although the ML detector can achieve optimal error perfor-
mance, its computational complexity increases exponentially
with the size of subblock and the number of transmit antennas.
From (8), it can be observed that the search complexity per
subblock is of order (N¢ M )Nt for the ML detector, which is
costly and even infeasible for the practical implementation of
the receiver.

Considering the immense computational complexity required
by the ML detector, the MMSE-LLR detector is developed later
in [40] and [41] to solve this drawback. In this detector, the
MMSE filter is first employed to decouple the superimposed
OFDM-IM subblocks at the receiver, and a sophisticated LLR
calculator is then applied to determine the indices of the ac-
tive subcarriers. Although this detector exhibits significantly
reduced complexity due to the decoupling of the subblocks, its
performance is far inferior to that of the ML detector. There-
fore, it is very demanding to design a more effective detector for
MIMO-OFDM-IM while maintaining low detection complex-
ity at the receiver. To this end, we propose two novel detectors
based on the SMC theory.

2

x9 = arg min
EY)

®)

III. INTRODUCTION TO DETERMINISTIC SMC AND
SEQUENTIAL STRUCTURE FOR MIMO-OFDM-IM

The SMC method, also referred to as particle filter, is a class
of the sampling based sequential Bayesian inference method-
ologies for general dynamic systems, which has been widely
applied in wireless communications [43]-[48]. In the following,
we will first briefly introduce the concept of the deterministic
SMC and then construct the sequential structure for MIMO-
OFDM-IM.

A. Basic Concept of Deterministic SMC

In most applications of digital communications, the transmit-
ted signals take values from a finite set and the received sig-
nals are the superimposition of transmitted signals corrupted by
Gaussian noise. The a posteriori distribution can be thus com-
puted by performing an exhaustive search over all possible re-
alizations of the transmitted signal block, whose computational
complexity grows exponentially with the size of the transmitted
signal block. Instead of the exhaustive search and computation,
the objective of the deterministic SMC method is to numeri-
cally approximate the a posteriori distributions of the states of
some Markov processes, given some noisy and partial observa-
tions. At each sampling interval, we draw symbol samples from
the given finite set to construct new sequential particles, and
then update their corresponding importance weights, where an
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Fig. 3. Illustration of the deterministic SMC.

illustrative example is shown in Fig. 3. Specifically, after calcu-
lating the importance weights for all hypotheses generated by
the previous particles {(Xt,l)“’)}f:l, we only retain 3 most
promising hypotheses associated with the highest importance
weights as the new particles {(X;)(*) }f:l while discarding
other hypotheses immediately at each sampling interval. More
detailed descriptions of the deterministic SMC concept will be
given in Section IV with the proposed algorithms.

It has been shown that the deterministic SMC-based detectors
can achieve near-ML performance with much lower computa-
tional cost to the receiver for various communications systems
[43]-[48]. Moreover, attributed to its nature of being soft-input
and soft-output, SMC based detection can also be efficiently
employed in coded communication systems. However, to apply
the deterministic SMC theory in a specific system, it is essen-
tial to construct the sequential structure based on the observed
signals for the sampling procedure, which varies for different
communication scenarios.

B. Sequential Structure for MIMO-OFDM-IM

To apply the SMC theory to the detection of MIMO-OFDM-
IM, we construct the sequential structure based on the observed
signals in the sequel. Inspired by the successive interference
cancellation (SIC) method for the MIMO detection [49], we
apply the QL decomposition® to the matrix (A )"/2 in (6) as

(A9)'? = QI

n’

n=1...,N,g=1,....G (9

3The QL decomposition can be obtained in analogy with the QR decompo-
sition, which can be derived by using the Gram-Schmidt process starting from
the last column of the designated matrix.
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where Q7 is a unitary matrix, and LY is a lower triangular
matrix. The lower triangular operation is carried out by the
left multiplication of the vector ¢ in (6) by (Q¥)! to obtain
zJ = (QY)Hy?, which can be further written as

z{ (n)
2 (n)
2, (n)
79
li],l(n)
D N lg.l(n) lQ,Q(”)
VN VK
l?\/},l( ) l?v,,2(”) l?\fh]v,(”)
L
xd(n v{(n
) || i
X + (10)
zyy, (n) vy, (n)
x4, Vi

where v¢ = (QY)HWY is still an N; x 1 zero-mean AWGN
vector with unit variance elements as the matrix QY is uni-
tary. Based on the structure in (10), the SIC may be applied to
detect the data vector XY in a sequential manner, i.e., the in-
terference due to the previously decoded symbols is subtracted
from the currently observed sample before decoding the next
symbol. However, one should keep in mind that unlike the
classical MIMO-OFDM in which the symbols carried on the
different subcarriers are independently generated, the symbols
carried on different subcarriers within each OFDM-IM subblock
are binded together in the MIMO-OFDM-IM due to the index
modulation. Therefore, to be suited to MIMO-OFDM-IM, the
SIC method for MIMO-OFDM-IM has to be performed in a
subblock-by-subblock manner, resulting in a search complex-
ity as high as of order N; No M* . Moreover, the SIC method
may suffer from the problem of error propagation, which also
limits its error performance. In this paper, we will not em-
ploy the SIC method but instead exploit the aforementioned
sequential structure for the low-complexity detector design of
MIMO-OFDM-IM.

IV. Low-COMPLEXITY DETECTORS FOR MIMO-OFDM-IM

In this section, we will develop two types of SMC-based
detectors by using the structure of (10) as the kernel for MIMO-
OFDM-IM. As will be shown by computer simulations, the new
algorithms can avoid error propagation successfully and provide
near-optimal error performance for MIMO-OFDM-IM.

A. Deterministic SMC Aided Subblock-Wise Detection

After the lower triangular operation, the sequential structure
in (10) can be exploited by applying the SMC method to draw
samples starting from the first transmit antenna and ending to the
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last one. Indeed, if we simply regard each OFDM-IM subblock
x{ as a super modulated symbol drawn from a large finite set,
we have the a posteriori distribution of {x{ },'*; conditioned on

{z }f 1 as
Ny
P () | gatnly ) o T e (= |x2) P (xd)
t=1
denotes the observed

where z{ = [2/(1) 2{(2) - 2/ (N)]"
subblock in the t-th (1 < t < ;) branch of the receiver after the
lower triangular operation in (10), and X/ = {x}!,_,. Based
on (11), we construct the sequence of probability distributions
{P(XY]Z9)}N,, which can be expressed as

( XY ?)qu(zt,

where Z{ £ {z{}!,_,. From the perspective of the probability
theory, our aim is to estimate the a posteriori probability of each
OFDM-IM subblock

P(xt =@ {2}2)), ®ied t=1,.. N,

based on the observed subblocks {zf 3V, where @ £

{@Z}NCM with |®| = No M denotes the set including all
possible realizations of the OFDM-IM subblock. Instead of the
direct computation of (13), which is too computationally ex-
pensive, we seek to numerically approximate (13) by using the
deterministic SMC theory to substantially reduce the complex-
ity at the receiver.

Let (X{)®) with b =1,..., 3 be the particles drawn by the
SMC method at the ¢-th sampling interval on the basis of sub-
block, where (3 denotes the total number of particles. To im-
plement the SMC method, we first generate a set of incomplete
particles for the OFDM-IM subblocks, and then update the cor-
responding importance weights for those particles with respect
to the distribution of (11) until the subblock at the last antenna
is reached. Moreover, to update the importance weights, it is
crucial to design the trial distribution which minimizes the vari-
ance of the importance weights conditioned upon the previous
particles and the observed signals [50]. Under the criterion of
minimum conditional variance of the importance weights, we
simply choose the trial distribution as

o (xt]28, (x1)") o P (f

fort =1,..., N;.
Proposition 1: With the trial distribution given in (14), the
importance weight for the SMC can be updated according to

(1)

t=1,....,N;, (12)

L) P,

(13)

(14)

(/ (X?—l ) (b))

(@) o ()" p (s (x2)™) as)
where p(z | (X9_,)®)) can be regarded as the prediction distri-
bution of the currently observed subblock z{ under the condition
of the previous particle (X{_,)®).

Proof: See Appendix A.

In the MIMO-OFDM-IM system, each OFDM-IM subblock
has a finite number of realizations, i.e., NoMX. For this
reason, the deterministic SMC sampling can be applied by first
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enumerating all possible subblock realizations at each sampling
interval and then calculating their associated prediction distri-
butions exactly based on the previous particles paired with the
specific subblock sample. In other words, with the given particle
(XY_)®), we calculate each prediction distribution

(i )E]) _p(zt

for ®; € ® to get a more precise result. If the specific subblock
sample x/ = @, is assumed in the prediction distribution, the
update for the importance weight in (15) can be revised as

g\ (b b g\ (b
(th)Ei]) x (wf—l)( . (%J)Eqi])

b b
o< (i) - (D))

wherei =1,..., No M¥ and (18) holds due to the equal prob-
ability assumption for all subblock realizations. Since the noise
vector v = (QY)HWY in (10) is white Gaussian, the prediction
distribution (~ )E ]) can be expressed as

(16)

xt =, (x7,)")

“P(x{=®;) (7

(18)

b 1
(i = — e { (19)

g\ (b g b g
mmWMme@wwwmwmew
notes the mean vector of z/, whose n-th (1 < n < N) element

is given by
\/ Nt V —

t'= 1

/Lq/ﬁ 9
+ N, Klm(n)(I)

with ®;(n) being the n-th element of the sample vector ®;.

1) Initialization and Summary of Subblock-wise Algorithm:
By assuming the SMC process starts at the I'-th transmit an-
tenna, we compute the a posteriori distributions P(X{|Z{.)
exactly by enumerating all possible realizations of X%, where
the total number of possible realizations is |®|" and I' < N;.*
According to the determlmstlc SMC and (10), the a posteriori

n) (,(n))"”

(20)

probabilities P((X{.)(")|Z{.) can be expressed as
r
P (0" |z8) < [T @1
=1
where b=1,..., Br, Br = |®|', and {(X%)( }Br1 contains

all possible reallzatlons of X{.. Then we retain the /3 particles
{(x9)®) }le with the highest a posteriori probabilities as the
initial importance weights { ()" }le , where 0 < Br.
After the initialization, the importance weights are updated
according to (18). At each sampling interval on the basis of sub-
block, current 3 particles with the highest importance weights
are selected as the survivors over 3|®| possible hypotheses de-
parted from the previous particles. When the recursion reaches

4If T > N;, we can compute P(Xf\,t ’Zf\,t ) exactly based on the determin-
istic SMC; however, it is too computationally expensive.
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Algorithm 1: Deterministic SMC Aided Subblock-wise
Detection.
1: Perform the lower triangular operation to obtain (10);
2: Enumerate all possible realizations of X{. with their a
posteriori probabilities given in (21), and retain the 3
initial particles {(X%)(®)}/_ with the highest a
posteriori probabilities as the initial importance

weights { (wwf)® Z:l;

3: fort=1"+1to N; do

4:  Update the importance weights according to (18),
b=1,...,0

5:  Pick up and retain (3 particles with the highest
importance weights among the 3|®| hypotheses with

weights set {( )[2] } b=1,...,05,
i=1,...,NeM~;
6: end for
7: Compute the a posteriori probability for each subblock
via (22), and the estimate of each subblock is given by
x! = argmax P(x{ = <I’7;‘ {zf}f\il), t=1,...,N;.
P cd

the last sampling interval, i.e., t = Ny, 3 particles and the cor-
responding importance weights are then used to estimate the a
posteriori probability for each subblock in (13), given by

3
P(xt = [ (a1) = = 31 ()" 1) ()

N p=1
(22)
where ®; € ®, @y, = Zle (
indicator function [46]

Notably, the importance weights obtained at the last sampling
interval is applied to compute the a posteriori subblock prob-
abilities, for those weights provide better estimations [51] and
we detect the corresponding subblocks at the last step. More-
over, the a posteriori probability estimated in (22) can be readily
applied to the detection with soft output, which is compatible
with the coded system. Finally, we summarize the deterministic
SMC aided subblock-wise detection in Algorithm 1.

W]gvf)(w, and I(;) denotes the

B. Deterministic SMC Aided Subcarrier-wise Detection

Although the detector proposed in Section I'V-A achieves con-
siderable reduction in computational complexity with respect to
the ML detector, its complexity still grows exponentially with
the size of subblock. To circumvent this problem, we propose
another novel detection algorithm based on the deterministic
SMC in this subsection, which draws samples at the subcarrier
level. To prevent from outputting illegal subblock realization,
the subcarrier-wise detector takes into account the constraint of
the active subcarrier combinations within each subblock when
drawing samples. By exploiting the sequential structure in (10),
the subcarrier-wise SMC method detects the information start-
ing from the first transmit antenna and ending to the last transmit
antenna and draws samples subcarrier-wise from the first sub-
carrier to the last subcarrier within the g-th subblock at each
transmit antenna.
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Considering the dependence of the subcarrier symbols within
each subblock, the distribution of (11) can be rewritten at the
subcarrier level as

H(CIACAny
LT o (4 0 [72,) P (s )

g
Xt,nfl)
t=1n=1
g . 9 _
where Xt n {Xf 1’Xt n} Xl‘ n - {xt( )}Z’:l’ and XO -
x{, =0 is defined. Similarly, based on (23), the sequential
distributions can be constructed as

(23)

P (X, |21,)
x H H p (Zz" 1" n' ) P (xz(‘]’ (’I’l/) X?’,nLI) (24)
t'=1n'=1
OCP( tl‘ tl)Hp( fn)P(:cg(n/) Xf,n’fl)
" (25)

Where t=1,...,N;, ,N, Zf" £{z}_,,z,},
zf , £{z/ (n)}n_\, 2} =2, = (7) is defined, and (25) is ob-
tained due to the independence among the subblocks generated
from different transmit antennas. Unlike the detector proposed
in Section IV-A that estimates the information subblock-wise,
the aim of the subcarrier-wise detection is to estimate the a
posteriori probability at the subcarrier level, which is given by

n=1,..

P(af (n) = 2| {20}, X e X 26)
where t=1,...,N;, n=1,...,N, i=1,...,M + 1, and

X 2 {0,S} with |X| = M + 1 denotes the modified constel-
lation. However, due to the dependence of subcarrier symbols
within each subblock, it is infeasible to compute (26) directly.
Therefore, we resort to the SMC theory by carefully considering
this dependent relationship.

Suppose that (Xf D)W with b=1,...,3 are the particles
drawn by the SMC method at each sampling interval on the basis
of subcarrier. Similarly, we can choose the trial distribution as

7/)( )Zr ns (X?,no(b)) x P(‘TT ‘Zf no (th,nl)(b)>

27)
fort=1,....N;,n=1,...,N.
Proposition 2: With the trial distribution given in (27), the
importance weight for the SMC can be updated according to

) = (b)
()" o (@t ) p (2 0] (%2,)") o

where p({ (n)| (Xf,n—l )(?)) denotes the prediction distribution
of the currently observed signal z{ (n) under the condition of
the previous particle (X{ ,_;)®).
Proof: See Appendix B. |
In MIMO-OFDM-IM, the symbol z{ (n) carried on each sub-
carrier takes values from the modified constellation X with
|X| = M + 1. However, those subcarrier symbols within each
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subblock are not drawn independently from the finite set X as
they must meet the constraint of the K active subcarrier com-
binations, which makes the calculation of the exact prediction
distribution based on the deterministic SMC method a challeng-
ing problem. With a given hypothesis {(X{, )" x;}, we
update the importance weight by revising (28) as

(b) (®) (=g () (b)
() o ()" (L) 1 P (o () = 2] (x0,) )
(29)

where  P(zf(n) = Xj[(x{,_,)!")) indicates the non-
independent relationship of subcarrier symbols within

each subblock and
- b
(321 2 p <Z§’ (n)

denotes the exact prediction distribution. Since the noise vector

_ (b)
] (n):Xi,(Xﬁ,n,I) ) (30)

vl = (Q‘/) w2 in (10) is white Gaussian, prediction distribu-
tion (% n) in (29) can be expressed as
g ) 1 g g b) |2
Gt = zew {2 o - @[} e

where (] (n))ﬁ> denotes the mean of z{ (n), which is given by

n) (af(n))"

N

+ m\/;lft(n)X (32)

For the update of the importance weight in (29), it is es-
sential to determine the conditional probability P(z{(n) =
)C;;|(Xf7,171)(b>), as it justifies the dependent relationship of
subcarrier symbols within each subblock. In the following, we
will give two schemes to calculate the conditional probability
P(z](n) = X[(x],_1) )®).

1) Exhaustive Searching Scheme: According to the Bayes
theorem, we can obtain the conditional probability exactly as

P (af () = ] (1) ")
P (at () = ( ")
P (et )")

wea P ({0000 = {(2,.)" )

= (33)
zm ({wn) = (t)")

where ®; = [®;(1) ®;(2) --- ®;(N)]'. According to (33),
if the hypothesis {(x7, _ D® A} s illegal, we will have
P(z!(n) = X |( ‘ x?,_1)¥)) = 0, such that, the illegal hypothe-
ses can be avoided. However, it is costly to calculate the con-
ditional probability exactly based on (33) as it invokes an ex-
haustive search over all possible realizations of the OFDM-IM
subblock at every sampling interval on the basis of subcarrier.
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2) Natural Numbers Mapping Scheme: To strike a trade-off
between the complexity cost and the estimation accuracy, we
hereafter develop a more efficient method to estimate the condi-
tional probability in (33) and to avoid the propagation of illegal

particles. Let us denote the number of non-zero elements in

X{, | as 5" = count((x?, ,)®). Assuming that subcarri-

ers within a subblock are uniformly activated and the modulated
symbols are uniformly drawn from an M -ary constellation, we
can estimate the conditional probability as

b
P (ot () = 2| (s, 1))
1 K-
(R — it S A S
L) M N—arrME G
N—K+5ff_>1—n+1X__O
N-—-n+1 e
where t=1,....N;, n=1,...,N, and i1 =1,..., M + 1.

Based on (34), (x/ )" witht = 1,..., N, after the SMC sam-
pling procedure are forced to meet the fixed number constraint
of active subcarriers within each subblock, i.e., 65\?) = K for
b=1,...,[.Itis worth pointing out that the calculation of (34)
does not involve any specific mapping rule for the subcarrier
combination, which is more general and practical. However,
when N¢o # (%) , the calculation of (34) will encounter the in-
filtration of some illegal realizations, i.e., the conditional proba-
bilities of some illegal realizations are not zero. To detect those
illegal realizations without using a look-up table, we resort to
the combinatorial method in [26] to examine the legality of the
realization. The combinatorial method in [26] provides a one-
to-one mapping between natural numbers and the combination
patterns of K active subcarriers, which is given by

1) 35)

‘- (j(KI)(_ 1) TRt (j(2)2‘ 1) N (J(Dl—

where ¢ and g are omitted as (35) is general for all subblocks,
and0 < ¢ < (IY) — 1.Based on (35), we can easily examine the
legality of the realizations by simply regarding those realizations
with ( > N as illegal.

Example 1: Suppose BPSK modulation, N =4 and K = 2
and the combinatorial method is applied to determine the indices
of the two active subcarriers out of four available subcarriers, as
shown in the table in Fig. 4 . The graphical tree is also illustrated
in Fig. 4 according to (34). As can be seen, based on (35), we
can easily exclude those illegal realizations with { > 4.

For the calculation based on (34), it can be readily verified
that the ratio of the number of the illegal realizations to that
of legal ones is (() ) — Ne')/Ne, which is typically small. For
this reason, we only examine the legality of the particles when
they reach the last subcarrier within each subblock, i.e.,n = N.

Remark 1: As illustrated above, the method based on (34)
and (35) does not require any look-up table and is general for dif-
ferent IV and K values, which is more efficient and practical than
the calculation based on (33). Owing to its simplicity and gen-
erality, the calculation based on (34) and (35) will be adopted to
estimate the conditional probability P(z{ (n) = X;|(x{ ,_,)®))
in (29) for our computer simulations in Section VI.

3) Initialization and Summary of Subcarrier-wise Algo-
rithm: We assume that the SMC process starts on the A-th
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Subcarrier 3

Subcarrier 4

Bits | Natural number | Indices o Lo
0o | o=+ 2, 1) —> !egal reallz.athns at each subcarrle.r 19terval
legal 1] 1=C+C 3,1 @)’ : illegal realizations at each subgarrler mterval.
[ 0] P sz n Gl (3,2} : the accumulated number _of actlvateq su.bcarrlers . _
1| 3= 2 +C (41} ¢ : the natural number mapping for the indices of the activated subcarriers
— C‘}z N Cll 14,2} {-1,1} : modulated symbols carried on activated subcarriers
illegal { =CT+C! . 4’ 5 0 :inactivated subcarriers

Fig. 4.

subcarrier of the subblock at the I'-th transmit antenna and enu-
merate all legal realizations of X% A»whereI' < Ny, A< N, and

the total number of legal realizations is Br , < |®|"~1]X[*
According to the determiniitic SMC and (10), we can enumer-
ate all legal realizations of X{, , and compute their a posteriori
probabilities exactly as

P((%e.)"[224)

T 9(b) - o\ g g (®)
~ 11601 (W)m i (“’F () = (xt.0) )
t=1 n=1
(36)
whereb =1,..., Br s, {(N%’A)“)}f:r‘l‘“ contains all legal real-

izations of Xl‘i A»and (77 )m and (’y{i‘n)fib]) are given in (19) and
3

(31), respectively. Then we retain the 3 particles {(X{. ,)®) 1),
with the highest a posteriori probabilities as the initial impor-
tance weights { (e , )"}, where 3 < Br 4.

After the initialization, we update the importance weight ac-
cording to (29). At each sampling interval on the basis of subcar-
rier, current /3 particles with the highest importance weights are
selected as the survivors over 5|X| = B(M + 1) possible hy-
potheses departed from the previous particles. Specially, when
the recursion reaches the last subcarrier of each subblock, i.e.,
n = N, the legality of the possible samples will be first ex-
amined according to (35) and [ legal particles with the highest
importance weights are selected as the survivors over those legal
hypotheses. When the recursion reaches the bottom, i.e., t = N;
andn = N, the particles associated with the importance weights

SIfT > N; and A > N, we can compute P(Xij\,f x Zf\", ) exactly based
on the deterministic SMC; however, it is too computationally expensive.

Tllustration of the counter based scheme.

are then used to compute the a posteriori probability for each
subcarrier symbol in (26), given by

p (mf (n) =4 {Z?};El)

~_L v ((a ()" 5 %) (wa“N)(b) 37)

where X; € X and TN, N = - (@, )(®). However, as
emphasized above, due to the dependence of subcarriers within
each subblock, we cannot estimate each symbol independently
based on (37) as the demapping of OFDM-IM subblock may fail.
Simply, by considering the joint estimation for active subcarriers
and modulated symbols within each subblock, we can estimate
the a posteriori probability for each subblock similar to (22) to
solve this problem as follows:

P(xt =@ {2}
1L NG NG
=_—31 ((XLN) ;@) (@) (38)
NN b1
where (xf‘N)U’) with t=1,...,N; are extracted from

(?Z%,f , N)<b> and ®; € ®. Finally, we summarize the determin-
istic SMC aided subcarrier-wise detection in Algorithm 2.

V. COMPLEXITY ANALYSIS AND COMPARISON

In this section, the computational complexity of the proposed
SMC-based detectors is compared with the detectors developed
in [40] and [41], where the detection complexity is measured by
average NCM performed per subcarrier. To facilitate compari-
son, the number of receive antennas is assumed to be equal to
the number of transmit antennas, i.e., N, = V;.
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Algorithm 2: Deterministic SMC Aided Subcarrier-wise
Detection.

1: Perform the lower triangular operation to obtain (10);

2: Enumerate all legal realizations of X% A With their a
posteriori probabilities given in (36), and retain the (3
initial particles {(X% IR }le with the highest a
posteriori probabilities as the initial importance
weights {(f. )"},

3: forn=A+1to N do
4: Update and examine the particles associated with the
importance weights according to (29) and (35),
b=1,....0
5: end for
6: fort =T+ 1to N; do
7: forn =1to N do
8: Update the importance weights according to (29),
b=1,...,05;
9: if n = N then
10: Compute ¢ mapping for the K active subcarrier
indices extracted from each hypothesis
{(x{ y_1)"", &} according to (35), and set the
importance weights for those illegal hypotheses
(¢ > N¢)tozeros,b=1,...,0,
i=1,...,M+1;
11: end if
12: Pick up and retain 3 particles with the highest
importance weights among the 3|X| = (M + 1)
hypotheses with the set of weights {(w7 , )E;’f +
b=1,....,68,i=1,..., M +1;
13: end for
14: end for

15: Compute the a posteriori probability for each subblock
via (38), and the estimate of each subblock is given

by X! = argmax P(x! = &;|{z/}}")),
B, cd
t=1,...,N,.

A. Complexity of Detectors in [40] and [41]
Explicitly, the complexity of the ML detector in (8) is given by

Cw = N, (N; + 1) (N MF)™ (39)

After employing the MMSE filtering to eliminate the inter-
ference between the subblocks of different transmit antennas,
the simple MMSE detector developed in [41] decodes the
MIMO-OFDM-IM signal in a subblock-wise manner, whose
complexity is

Csimple Mmse = TN} + N + No M*. (40)

For the MMSE-LLR detection, the complexity is given by
[40], [41]

Cuvmse-Lir = TN? 4+ N; (N; + M +1) (41)

where a decomposition detection based on LLR calculation for
each subcarrier is achieved after the MMSE filtering. Moreover,
a novel OSIC based sequential MMSE-LLR detector, which
referred to as MMSE-LLR-OSIC, is also proposed in [41] to
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further improve the error performance, whose complexity can
be approximated as

CrmsE-LLR-OSIC = 3N} 4+ 7TN? 4+ N; (6N; + M +1). (42)

B. Complexity of Proposed Detectors

As shown in Algorithms 1 and 2, the complexity of the pro-
posed SMC-based detectors mainly consists of three parts:

- the lower triangular operation to construct the sequential

structure for MIMO-OFDM-IM;

- the initialization of the importance weights;

- the update of the importance weights.

By using Householder transformations [52] to the QL decom-
position, the complexity to construct the sequential structure of

(10) for per subblock is given by
Cor ~ 2NN} /3 +2NN?. (43)

1) Proposed Subblock-wise Detection: For per subblock, the
complexity of the initialization for the importance weights based
on (21)is

Cinil ZﬁN-F(F+5)/2+6F

and the complexity of the update for the importance weights
based on (18) from (I'" 4 1)-th subblock to the last one is

Cudgpt = BN - Ne M*® - (N; + T +7) (N, - T) /2.

(44)

(45)

After neglecting some lower order terms, the complexity in
terms of average NCM performed per subcarrier for the pro-
posed subblock-wise detection is given by
Cprot = (Cor + Cinit + Cupar) /N
~ 2N} /3 42N} + (N} —T?) BNe M™ /2. (46)

2) Proposed Subcarrier-wise Detection: For per subblock,
the complexity of the initialization for the importance weights
in (36) is

Ciniz = BN - (I' = 1) (I +4) /2
+ BA-(T+2)+5(C—142A)

and the complexity of the update for the importance weights
based on (29) to the rest of the subcarriers is

Codpr = BN - (M +1) - (N, + T +9) (N, —T) /2
+ B(N—A) - (M+1)(N, +4).

Therefore, the complexity in terms of average NCM performed
per subcarrier for the proposed subcarrier-wise detection is
given by

Coroz = (Cor + Ciniz + Cupaz) /N
~ 2N} /342N + (N} —T?) B(M +1)/2

(47)

(48)

(49)

where the lower order terms have been neglected in (49).
However, to be more accurate, exact NCM without neglecting
any terms will be compared for different types of detectors in
the numerical results of Section VI.

In Table I, a brief summary of the computational complexity
measured by the average NCM for different detectors of MIMO-
OFDM-IM is provided. As seen from Table I, the brute-force



2768

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 65, NO. 11, JUNE 1, 2017

TABLE I
DECODING COMPLEXITY COMPARISONS IN TERMS OF AVERAGE NCM PERFORMED PER SUBCARRIER
Detector Computational complexity Order of complexity
Brute-Force ML N (Ny + 1) (NCMK) t O (MKNt)

Simple MMSE TN? + NZ + NoM¥ O (M)
MMSE-LLR TN} + N¢ (Ne + M + 1) O (M)
MMSE-LLR-OSIC =~ 3N+ 7N7 + Ny (6N¢ + M + 1) O (M)

Proposed subblock-wise detection | 2N} /3 +2NZ + (N2 —T2) BNc MK /2 o (MK)
Proposed subcarrier-wise detection | 2N7 /3 +2N72 + (N2 —T?2) B(M +1)/2 O (M)

ML detection leads to prohibitive computational complexity
and the highest order of detection complexity with respect to
the constellation size M. The proposed subblock-wise detec-
tion requires much lower computational complexity than the
brute-force ML detection while the proposed subcarrier-wise
detection shows the same level of computational complexity as
the MMSE-LLR method.

VI. SIMULATION AND NUMERICAL RESULTS

In this section, we verify the effectiveness of the proposed
detection algorithms for MIMO-OFDM-IM via computer sim-
ulation and numerical results. In the computer simulations, a
MIMO channel with frequency-selective Rayleigh fading is con-
sidered, where the maximum delay spread of the channel is equal
to 10 x Ty, where T denotes the sampling period of the digital
system. Each OFDM-IM block consists of Ny = 512 subcarri-
ers and is appended by a CP of length N, = 16. It is assumed
that channel state information is unknown to the transmitter
but perfectly known to the receiver. For ease of comparison,
the number of receive antennas is set to be equal to the num-
ber of transmit antennas, i.e., /N, = N;. To initialize the SMC
process, we set I' = 1 for Algorithm 1,and ' =1and A = N
for Algorithm 2. Moreover, for fair comparison, we adopt the
same number of particles 3 for both deterministic SMC aided
detection methods in the following simulations.

A. Error Performance Comparison

Fig. 5 shows the BER comparison results of different detec-
tion algorithms for the MIMO-OFDM-IM system with N; = 4,
K =1, and QPSK modulation. As seen from Fig. 5, the pro-
posed subblock-wise detector achieves near-optimal BER per-
formance for the MIMO-OFDM-IM system with reduced com-
plexity forboth N = 2and N = 4 cases. Although the proposed
subcarrier-wise detector is slightly inferior to the subblock-wise
detector, it is favorable for its lower computational complexity
than that of the subblock-wise one, which will be shown in the
next subsection. Both our detectors show considerably better
performance than those of MMSE based detectors. Specially,
the simple MMSE and MMSE-LLR detectors suffer from a sig-
nificant performance loss and their diversity order is always
equal to one. On the other hand, both proposed detectors show
to attain the same diversity order as the ML detection.

Fig. 6 shows the BER comparison results of different detec-
tion algorithms for the MIMO-OFDM-IM system with N; = 4,
N = 4, and BPSK modulation. It can be observed that similarly
the proposed subblock-wise detector achieves near-optimal per-
formance while the proposed subcarrier-wise detector only suf-
fers from a marginal performance loss compared to the ML

N/:4’N:2’K:1’M:4 NL:4,N:4,K:1,M:4

107
10°
~
o
M
107
—H— Simple MMSE —&— Simple MMSE
—%— MMSE-LLR —#*— MMSE-LLR
10"} —O— MMSE-LLR-OSICK. . ... 4 10~} —O0— MMSE-LLR-OSIC
—v—Alg 1 (B=8) —v—Alg 1 (B=16)
——Alg2(B=38) —4—Alg2(B=16)
—— Brute—force ML —— Brute—force ML
5 10 15 20 s 10 s 20
p (dB) p (dB)
Fig. 5. BER performance comparison of different detection algorithms for

MIMO-OFDM-IM with N; = 4, K = 1, and QPSK modulation.

N=4 N=4 K=1, M=2 N,=4 N=4 K=2, M=2

107
107
=2
3]
)
107
—&— Simple MMSE —&— Simple MMSE
—*— MMSE-LLR —%— MMSE-LLR
107 || —0— MMSE-LLR-0SIC | 10} —o—MMSE-LLR-0SIC
—v—Alg1 (B=8) —v—Alg 1 (B=16)
——Alg2(B=8) ——Alg2(B=16)
—— Brute-ML —%— Brute-ML
T T T A\E T T i
5 10 15 20 5 10 15 20
p (dB) p (dB)
Fig. 6. BER performance comparison of different detection algorithms for

MIMO-OFDM-IM with N; = 4, N = 4, and BPSK modulation.

detection. Although the MMSE-LLR-OSIC detector outper-
forms the other two MMSE based detectors at the cost of a
higher complexity, its performance is still far from optimal (ML
detection). By comparing the two scenarios with different num-
ber of active subcarriers (K = 1 and K = 2), we observe that
the BER performance of all detectors degrades as the number
of active subcarriers increases. This can be understood as each
active subcarrier will be allocated less power when more sub-
carriers are activated simultaneously for transmission.
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N1:4, N=4, K=2, M=4

Nl=8, N=4,K=2, M=4
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Fig. 7. BER performance comparison of different detection algorithms for
MIMO-OFDM-IM with N = 4, K = 2, and QPSK modulation.
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Fig. 8. BER performance comparison of different detection algorithms for
MIMO-OFDM-IM with N = 4, K = 3, and BPSK modulation.

In Fig. 7, the BER performance of different detection al-
gorithms is compared for the MIMO-OFDM-IM system with
N =4, K =2, and QPSK modulation. As the ML detection
requires an immense amount of computation, its BER curve is
not shown in Fig. 7. It can be seen that the proposed detectors
outperform the MMSE based detectors significantly. Moreover,
we observe that unlike the simple MMSE and MMSE-LLR de-
tectors, the BER performance of both proposed detectors is im-
proved as the number of receive antennas (N, = IV;) increases.
This can be understood since the diversity order of the simple
MMSE and MMSE-LLR detectors is equal to one regardless of
the number of receive antennas while a diversity order of N, is
obtained by both proposed detectors.

In Fig. 8, the BER performance of different detection al-
gorithms is compared for the MIMO-OFDM-IM system with
N =4, K =4, and BPSK modulation. From Fig. 8, we ob-
serve that the subcarrier-wise detector also has the potential to
achieve almost the same performance as the subblock-wise one
for this configuration. This can be understood since both pro-
posed detectors can approach the optimal performance when
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Fig. 9. BER performance comparison of different detection algorithms for
MIMO-OFDM-IM with Ny = 4, N = 4,and K = 3.
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Fig. 10.  Complexity comparison of different detection algorithms for MIMO-
OFDM-IM with K = 1, and QPSK modulation.

the number of particles is large enough (e.g., # = 32). There-
fore, the deterministic SMC aided detectors are able to provide
a flexible trade-off between the computational complexity and
the error performance by adjusting the number of particles.

Fig. 9 shows the BER comparison results of different detec-
tion algorithms for the MIMO-OFDM-IM system with NV, = 4,
N =4, and K = 3. It still can be observed that when the num-
ber of particles is large enough, the subcarrier-wise detector
achieves almost the same performance as the subblock-wise
one for different modulation orders. Moreover, the performance
of all detectors degrades with the increase of the modulation
orders. Specially, the performance gain of the MMSE-LLR-
OSIC detector over the MMSE-LLR one is smaller with higher
modulation orders.

B. Complexity Comparison

In Figs. 10 and 11, the computational complexity for different
types of detectors is compared in terms of exact NCM performed
per subcarrier. As expected, the computational complexity of the
ML detection is prohibitive and increases exponentially with the
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Fig. 11.  Complexity comparison of different detection algorithms for MIMO-
OFDM-IM with N = 4, and BPSK modulation.

number of transmit antennas. However, our proposed detectors
achieve rather low computational complexity, which is compa-
rable to that of MMSE based detectors. Interestingly, the com-
putational complexity of the MMSE-LLR-OSIC detector seems
to be more susceptible to the number of transmit antennas and
the subcarrier-wise detector has the potential to achieve a lower
complexity than the MMSE-LLR detector when the number
of transmit antennas increases. On the other hand, the compu-
tational complexity of the subblock-wise detector is sensitive
to the size of subblock and is always higher than that of the
subcarrier-wise one.

In summary, the proposed detection algorithms are able to
provide an effective trade-off between BER performance and
computational complexity. Moreover, the proposed detection
algorithms achieve near-optimal performance while maintaining
considerably lower complexity that is comparable to that of the
simple MMSE and MMSE-LLR detectors.

VII. CONCLUSION

In this paper, we have proposed two low-complexity detectors
derived from the SMC theory for the MIMO-OFDM-IM system.
The first proposed subblock-wise detector draws samples at
the subblock level, exhibiting near-optimal performance for the
MIMO-OFDM-IM system. The second proposed subcarrier-
wise detector draws samples at the subcarrier level, exhibiting
substantially reduced complexity with a marginal performance
loss. An effective legality examination method has been also
developed to couple with the subcarrier-wise detector. Computer
simulation and numerical results have validated the outstanding
performance and the low complexity of both proposed detectors.

APPENDIX A
PROOF OF PROPOSITION 1

According to [50] and [43], the importance weight is given by
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Although (50) is not sequential, we can come up with a
sequential version by exploiting the property of the trial
distribution. In order to work in a sequential manner, the trial
distribution is supposed to satisfy

v (xs|ze) = v (x1]28) Hw( X{ o, Z0). 6
Furthermore, (51) can be rewritten in a recursive form as
v (x|ze) = v (X0 |zin) v (e 2e). 6

Based on (50) and (52), the update recursions for the importance
weights are then given by
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where b = 1, ..., 3. With the trial distribution of (14) satisfying
(52), (53) can be further written as
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where (55) holds due to the independence of the previous particle
(XY_,) *) and the current subblock x?, (56) is obtained by ne-

glecting the constant term p (Z¢_,) /p (Z{), and (57) holds due
to the independence of the noise samples, completing the proof.

APPENDIX B
PROOF OF PROPOSITION 2

Similar to the proof of Proposition I, the update recursions
for importance weights are given by

(wf,n)(b) = (wf” 1)(b)
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where b =1, ...

, 8. With the trial distribution of (27), (58) can

be further written as

(wt.n ) “ X (wf,nfl
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where (60) is obtained by neglecting the constant term

p(Zgnfl)/p(Zf’n), and (61) holds due to the independence
of the noise samples, completing the proof.
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