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Eliminating NB-IoT Interference to LTE System:
A Sparse Machine Learning-Based Approach
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and Yuliang Tang

Abstract—Narrowband Internet-of-Things (NB-IoT) is a com-
petitive 5G technology for massive machine-type communication
scenarios, but meanwhile introduces narrowband interference
(NBI) to existing broadband transmission such as the Long
Term Evolution (LTE) systems in enhanced mobile broadband
(eMBB) scenarios. In order to facilitate the harmonic and fair
coexistence in wireless heterogeneous networks, it is impor-
tant to eliminate NB-IoT interference to LTE systems. In this
paper, a novel sparse machine learning-based framework and
a sparse combinatorial optimization problem is formulated for
accurate NBI recovery, which can be efficiently solved using the
proposed iterative sparse learning algorithm called sparse cross-
entropy minimization (SCEM). To further improve the recovery
accuracy and convergence rate, regularization is introduced to
the loss function in the enhanced algorithm called regularized
SCEM. Moreover, exploiting the spatial correlation of NBI, the
framework is extended to multiple-input multiple-output systems.
Simulation results demonstrate that the proposed methods are
effective in eliminating NB-IoT interference to LTE systems, and
significantly outperform the state-of-the-art methods.

Index Terms—Cross-entropy (CE), Long Term Evolution
(LTE) advanced, narrowband interference (NBI), narrowband
Internet-of-Things (NB-IoT), sparse machine learning.

I. INTRODUCTION

ITH the rapid development of the upcoming tech-
Wnologies of 5G new radio, the extensive research on
enhanced mobile broadband (eMBB), massive machine-type
communications (mMTCs), and ultrareliable low latency com-
munications (URLLCs) has drawn dramatically increasing
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attention from both academia and industry [1]-[3]. To satisfy
the prospects of 5G, not only tremendous improvements of
the aforementioned new radio techniques need to be achieved,
but also the harmonic and fair coexistence of heterogeneous
networks and the compatibility between 4G and 5G systems
should be taken great care of [4]. Due to the scarcity of the
spectrum suitable for wireless electromagnetic transmission,
many various existing and emerging communication systems
are deployed close to each other, or even overlapping in spec-
trum, which inevitably results in intensive interference [5]. As
a typical example, the NB-IoT system is deployed reusing the
spectrum of Long Term Evolution (LTE), occupying the spec-
trum of LTE when operating in the “in-band” mode [6]—[8].
Narrowband Internet of Things (NB-IoT) is a promising and
emerging technology to support the prospect of mMTC in
5G new radio, capable of interconnecting a large amount of
nodes with very low power consumption and narrow band-
width [9]-[11]. Since LTE and LTE-Advanced (LTE-A) with
the cyclic-prefixed orthogonal frequency division multiplexing
(CP-OFDM) modulation are dominating technologies in 4G
era [12]-[14], the interference from NB-IoT systems should be
properly tackled so that the smooth transition from 4G to 5G
can be done [15], [16]. In the process of the deployment of 5G
eMBB facilities, it is also important to mitigate the interference
from NB-IoT if the utilized spectrum is overlapping.
However, how to mitigate or eliminate the interference
between NB-IoT and LTE systems still remains an open issue,
which has not been sufficiently investigated in literature yet.
Since the bandwidth of NB-IoT is sufficiently small com-
pared with that of LTE, the interference from NB-IoT can be
regarded as a certain kind of narrowband interference (NBI).
Although there are plenty of conventional methods to com-
bat against NBI in [17]-[21], useful data might be lost using
the conventional methods, or the information of statistics or
locations of the NBI should be priorly known, or a large
amount of virtual subcarriers were consumed, which limited
the efficiency and applicability of the conventional methods.
Recently, emerging sparse recovery methods are intro-
duced to NBI estimation, exploiting the sparsity property of
NBI, especially the CS theory-based methods are drawing
great attention [22]. Nevertheless, the state-of-the-art CS-based
methods are mostly designed for non-CP-OFDM systems, or
the estimation is carried out at the preamble, which might
turn out inaccurate for the payload data frames. Besides, it
is difficult to design a practical observation matrix with satis-
factory RIP required by CS-based methods [22]. Thus, the
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performance is limited when the conditions of background
noise or sparsity level are unideal. Sparse Bayesian learning
(SBL), as another sparse recovery theory, was proposed [23]
to solve block sparse recovery problems, but prior information
of the block partition and the statistics of the unknown signal
were required, and the stringent parametric assumptions of the
NBI were impractical.

Different from the aforementioned existing schemes, the
emerging and powerful machine learning theory and tech-
niques, drawing tremendous research attention recently, can
be a great inspiration to achieve a both efficient and reli-
able method of NBI recovery. In the research on machine
learning, CE has been exploited as the loss function to train
deep neural networks [24]. Nevertheless, the conventional CE
method was not designed for sparse approximation. Moreover,
the state-of-the-art research on sparse machine learning-based
NBI recovery using iterative CE guided training is insuffi-
cient in literature. To fill this gap, a sparse machine learning
inspired probabilistic framework is formulated, and a novel
algorithm called sparse cross-entropy minimization (SCEM)
is proposed to iteratively learn the support distribution. The
proposed method is capable of learning and recovering the
NBI more efficiently and more accurately than state-of-the-art
counterparts, supporting the harmonic coexistence of NB-IoT
and LTE systems.

The main contributions are listed as follows.

1) The theory of sparse machine learning with the method

of CE-guided training is introduced to the area of
NBI recovery for the first time. A novel probabilistic
framework of sparse machine learning is formulated to
recover and eliminate the NB-IoT interference to the
LTE system, with higher spectral efficiency and recovery
accuracy than the existing methods.

2) A novel algorithm called SCEM based on sparse
machine learning is proposed for NBI recovery, which
iteratively learns the NBI support distribution guided
by the CE as the loss function. An enhanced algo-
rithm called RSCEM is proposed by regularizing the
loss function, which achieves better recovery accuracy
and convergence rate.

3) The proposed framework is extended to MIMO systems
to utilize the spatial correlation of the NBI at multianten-
nas. Thus, the S-SCEM algorithm is formulated, which
combines the contributions from multiple antennas and
simultaneously recovers the common support of the NBI
to further improve the spectral efficiency and accuracy.

The rest of this paper is organized as follows. The related
works are presented in Section II. The system model is
presented in Section III. The main contribution of this
paper, the proposed probabilistic framework formulation and
the proposed algorithms of sparse machine learning for
NBI recovery, are described in detail in Section IV. The
performance of the proposed algorithms is evaluated through
computer simulations in Section V, which is followed by the
conclusions in Section VI.

Notation: Matrices and column vectors are denoted by bold-
face letters; frequency-domain and time-domain vectors are
denoted by boldface vectors with tilde v and without tilde
v, respectively; ()" and (O™ denote the pseudo-inversion
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TABLE I
FREQUENTLY USED SYMBOLS

symbol| concept symbol| concept
~ block sparse NBI ~ differential NBI
eB Aép
vector vector
A NBI measuremen- . AWGN error norm
p t vector threshold
S G x N selection F N x N IDFT ma-
G.N matrix N trix
v observation matrix q<k) current support dis-
tribution
H§k) candidate support Hfjk]) favorable support
rj(-k) residue error norm Fé-k) We}ghwd average
residue error norm
N candidate supports N favorable supports
¢ number f number
regularization maximum iteration
Al ~ In
weight parameter number
G measurement vec- N OFDM sub-carrier
tor length number
MIMO receive an- .
Nr tenna number K NBI sparsity level
operation and conjugate transpose, respectively; || - ||, repre-

sents the £, norm operation; |I1| denotes the cardinality of the
set IT; v| denotes the entries of the vector v in the set of IT;
App represents the submatrix comprised of the columns of the
matrix A indexed by IT; I1¢ denotes the complementary set of
IT; and supp(v) denotes getting the support of v. The symbols
are listed in Table I.

Synonyms

BSBL Block sparse Bayesian learning.

CE Cross-entropy.

CP Cyclic prefix.

CRLB Cramer—Rao lower bound.

CS Compressed sensing.

FTE Frequency threshold excision.

IBI Interblock interference.

INR Interference-to-noise ratio.

LTE Long Term Evolution.

MIMO Multiple-input multiple-output.

MSE Mean square error.

NBI Narrowband interference.

NB-IoT Narrowband Internet-of-Things.

NLL Negative logarithm likelihood.

OFDM Orthogonal frequency division multiplexing.

PA-SAMP Priori aided sparsity adaptive matching pursuit.

RIP Restricted isometry property.

RSCEM  Regularized sparse cross-entropy minimization.

SCEM Sparse cross-entropy minimization.

S-SCEM  Simultaneous sparse cross-entropy minimiza-
tion.

SAMP Sparsity adaptive matching pursuit.

II. RELATED WORKS

Some coexistence simulation results for in-band and guard
band scenarios between NB-IoT and legacy systems are
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provided for initial analysis in the 3GPP technical doc-
ument [25], which shows significant interference between
NB-IoT and LTE systems. Ratasuk et al. [26] provided an
analysis of the impacts of the NB-IoT signal on the link
budget and block error rate performance of the LTE system.
Kim et al. [27] investigated the interference between NB-IoT
and LTE systems in the in-band mode. Wang and Wu [28]
gave an analysis of the coexistence between NB-IoT and LTE
for the stand-alone mode, and studied the effects of NB-IoT
to the performance of uplink LTE transmission.

Since the problem of the coexistence between NB-IoT
and LTE systems is vital, there have been some conven-
tional methods to combat against NBI. A commonly adopted
approach is to directly null out the subcarriers where NBI
is present, called FTE [17]. Nilsson [18] proposed a linear
minimum MSE-based method to estimate NBI. A successive
interference cancellation approach mitigating the NBI in a
recursive manner was introduced in [19]. A soft decision-based
successive NBI cancelation method was further proposed by
Darsena and Verde [20]. Coulson [21] designed a time-domain
notch filter for NBI suppression based on linear prediction cri-
terion before discrete Fourier transform at the transmitter. The
limitation of conventional methods mainly lies in that useful
data might be lost, and that the statistics information or plenty
of virtual subcarriers are required.

To overcome the limitations of conventional methods,
the CS theory, as a newly emerged powerful approach for
sparse recovery, can be utilized to deal with the NBI esti-
mation problem. CS-based methods were first investigated
by Al-Dhahir et al., utilizing the null space to obtain the
measurements of NBI for OFDM systems [29], [30]. In
this paper, the NBI could be recovered by using CS-based
greedy algorithms. There have been studies on different
CS-based greedy algorithms, such as subspace pursuit (SP)
proposed by Dai and Milenkovic [31] and SAMP proposed
by Do et al. [32]. The SP algorithm is able to recover sparse
signals with or without noise disturbance costing low com-
plexity [31]. The SAMP algorithm is designed to be adaptive
to variant sparsity levels of the NBI. By dividing the iteration
process into multiple stages, the SAMP algorithm is able to
recover the sparse signal by iterative matching pursuit of the
support basis without knowing its sparsity level [32].

Other CS-based methods were proposed to estimate the
NBI, exploiting the time-domain training guard interval of
time-domain synchronous OFDM (TDS-OFDM) systems [33]
or the preamble in the frame header [34]. In the work of [33],
the algorithm of PA-SAMP was proposed as an improvement
of the classical algorithm SAMP [32], which makes use of the
prior information of the partial NBI support acquired by the
coarse power threshold method. Then the prior information
was exploited in the initialization and iteration process to
reduce the complexity and improve the accuracy. The 2-D cor-
relation of the NBI was exploited in the framework of multiple
measurements and structured CS in [34]. The 2-D measure-
ment data were obtained from the preambles in multiple
receive antennas, and then utilized for the structured CS-based
recovery of the NBI. Another sparse recovery theory, SBL, was
proposed in [23] and has been utilized to effectively estimate
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the impulsive noise [35]. A BSBL-based method of estimating
the NBI generated by NB-IoT was proposed in [36], which
is an improvement of the SBL-based method in [23]. The
BSBL-based method employed parametric Bayesian inference
iteratively to estimate the unknown deterministic parameters
of the block sparse NBI [36]. However, the major limitation of
CS-based methods is that the CS theory requires that an obser-
vation matrix with satisfactory RIP should be designed [22],
which is difficult in practice. Furthermore, the performance is
limited when the intensity of the background noise or sparsity
level is large.

Machine learning has become a popular research trend in
recent years, with many applications in the area of sparse com-
posite regularization [37], anti-jamming [38], [39], as well as
wireless communications [40]. A reinforcement learning-based
scheme was proposed in [38] for ultradense networks, which
adaptively learns the policy of power control to improve the
efficiency while mitigating the intercell interference. A 2-D
anti-jamming mobile communication scheme based on rein-
forcement learning was proposed in [39], where a mobile
device can achieve an optimal communication policy with-
out the need to know the jamming and interference model in a
dynamic game framework. As an important method in machine
learning, the CE method is usually utilized for training deep
neural networks and machine learning models, which has
well solved many learning tasks, such as pattern recognition,
object classification, and so on [41], [42]. Recently, a machine
learning-based method exploiting CE was proposed in [43] to
improve hybrid precoding performance for mmWave massive
MIMO systems, which introduced it to wireless communica-
tions research. Previously, the CE method was also adopted to
solve combinatorial optimization problems in literature, which
outperforms the brute-force approach [24], [44]. Different
from the state-of-the-art methods, the proposed solution in this
paper introduces sparse machine learning to NBI estimation,
and a novel algorithm based on CE minimization is proposed
to efficiently learn the NBI support, which improves both the
spectral efficiency and the estimation accuracy compared with
existing approaches.

III. SYSTEM MODEL
A. Signal Model of LTE

As adopted in 3GPP standards of LTE [12], [13], the CP-
OFDM frame structure is composed of the length-N OFDM
block, where N is the number of subcarriers with the subcarrier
spacing of Afi., and the length-V CP in front, which is formed
by the last V samples of the OFDM block, as illustrated in
Fig. 1.

After transmitted in the wireless multipath fading chan-
nel with the channel impulse response (CIR) h; =
[hio, hi1s... hiz—1]7 in the presence of the NBI gener-
ated by the NB-IoT signal, the received ith CP ¢; =
[ci,o,ci)l,...,ci,v,l]T before the ith OFDM block x; is
represented as

¢; = Vcph; + ¢ +w; (D
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Fig. 1. Temporal differential measuring of NBI from CP-OFDM frames and
sparse machine learning-based framework formulation for NBI recovery in
LTE systems.

where e; = [e;0, €1, ...,ei,v_l]T denotes the time-domain
NBI vector located at the CP, w; denotes the additive white
Gaussian noise (AWGN) vector with zero mean and variance
of ovzv, and ¥cph; denotes the received CP, with the matrix
Wep € CV*L represented as

Xi,N—V Xi—1,N—1 Xi—1,N-2 Xi—1,N—L+1
Xi,N—V+1 Xi,N—V Xi—1,N—1 Xi—1,N—L+2
Xi,N—V+2 Xi,N-V+1 Xi,N—V Xi—1,N—L+3

XiN-V+L-2  Xi N-V+L-3 Xi,N—V+L—4 Xi—1,N—1
Xi,N—V+L-1 Xi,N—-V+L-2  XiN—V+L-3 Xi,N—V

Xi,N—V+L Xi, N-V+L—1 Xi,N-V+L-2 Xi,N—V+1
Xi,N—1 Xi,N—2 Xi,N-3 Xi,N—L

The entries {x,-_l,,,}ivz_j\l,f L1 in the matrix Wcp above rep-

resent the last L — 1 samples of the preceding (i — 1)th OFDM
block x;_1, which causes IBI on the following ith CP. Since
x;_1 only causes IBI on the first L — 1 samples of the ith CP
as illustrated in Fig. 1, the last G = V — L 4+ 1 samples of ¢;
will form the IBI-free region given by

T
p; = [cir—1.ciL,....civ—1] =Scvei (2)

where Sg v denotes the selection matrix composed of the last
G rows of the V x V identity matrix Iy. The IBI-free region
exists in practical broadband transmission systems because
a common rule for system design is to configure the guard
interval length V to be much larger than the maximum chan-
nel delay spread L in the worst case to avoid IBI between
OFDM symbols, which is specified in standards and supported
in [12], [36], and [45].

For simplicity of notations, the subscript of i denoting the
frame number is omitted in the following content of this paper
when there is no ambiguity about the current frame number,
unless otherwise clearly stated. Then the IBI-free region can
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be rewritten as
p=Sgv¥cph+e+w 3)

where p, e, and w consist of the last G entries of ¢;, e;, and
w; in (1), respectively, while Sg yWcp € CC*L is composed
of the last G rows of Wcp without the IBI component. Since
the CP is the same with the last V samples of the OFDM
block, there is a duplicate of the IBI-free region p at the last G
samples of its subsequent OFDM block, which can be denoted

by py given by
Px = Sc,v¥cph + ex + wx )

where ex and wy denote the length-G time-domain NBI and
AWGN vectors at the end of the OFDM block, respectively.

B. NBI Model Generated by NB-1oT

In LTE systems, the NB-IoT signal working in the in-band
mode at the spectrum of LTE generates NBI to the receivers of
the LTE system [46]. The widely adopted model of the NBI in
the frequency domain is the superposition of several tone inter-
ferers, and each tone interferer is modeled by a band-limited
Gaussian noise (BLGN) with the power spectral density (PSD)
of No.NBI = 062 [47]. The frequency-domain location of the
tone interferers can be randomly distributed among all N sub-
carriers [47], [48], and different tone interferers are mutually
independent [48]. Let €; = [é;0, €1, .-, E,-,N_l]T denote the
frequency-domain NBI vector associated with the CP, and then
each entry of the corresponding time-domain NBI signal e; can
be represented as

- 2k
ein = Zei,k.exp(J N n), n=0,1,...

kell

where Il = {kle;x #0,k=0,1,...,N — 1} is the set of the
indices of nonzero entries, which is defined as the support.
The sparsity level K is defined by the number of nonzero
entries, which is much smaller than the signal dimension,
ie., K=|II] < N. The INR y is used to represent the
intensity of the NBI, defined by y = E{@e}/an%, where
Pe =Y pen |&; x|?/K denotes the average power. Since the
tone interferers are BLGN as described, the average power is
E{Z,} = 02, yielding the INR y = o2 /02.

Since the bandwidth of NB-IoT is sufficiently small com-
pared with that of LTE [49], the NBI generated by NB-IoT
can be modeled as a sparse vector in the frequency domain,
which has only few nonzero entries compared with the num-
ber of subcarriers. The nonzero entries of the NBI are not
necessarily located exactly at the frequencies of the OFDM
subcarriers in LTE, because in practice there might be a frac-
tional frequency offset (FO) for the NB-IoT working frequency
with respect to the OFDM subcarriers. Thus, the generalized
NBI model will become a block sparse vector due to the spec-
tral leakage [50]. Then the frequency-domain block sparse NBI
vector ‘eg = [ép0,€B.1, -, EB,N_l]T associated with the CP
can be represented as

V=1 05

& = Fi ApoFn&; 6)
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where Fy denotes the N x N inverse discrete Fourier transform
(IDFT) matrix with the entry {Fy},, , = exp(j2rmn/N)/ VN,
and Apo = diag{l, exp(j2ra/N), ..., exp(2ra(N — 1)/N)}
is the FO matrix, whose value of offset frequency can
be modeled by a uniformly distributed variable o €
U(—1/2,1/2] [50]. Transforming the frequency-domain NBI
signal (6) to the time domain by partial IDFT, the NBI vector
associated with the IBI-free region in (3) is obtained as

e = SG,NFNéB- (7)

There is a useful feature of NBI called temporal correlation,
which can be utilized for measuring the NBI from the com-
pound received signal containing both the NBI and the data
components. The temporal correlation claims that, the NBI
signal usually has invariant support and amplitude over one
received OFDM frame of interest. This is because according to
experiments and observations, the coherence time of the NBI
signal is normally much larger than that of one OFDM symbol,
and the working band of the NBI source such as NB-IoT is
not changing so fast [36], [51], [52]. It is observed that usually
the NB-IoT signal working in-band in LTE spectrum is located
fixed in certain frequency locations [8], [11]. Temporal corre-
lation is also verified by substantial field tests and experimental
observations in real house and apartments [53].

Because of the temporal correlation, the frequency-domain
NBI vectors associated with the CP part and the follow-
ing OFDM block part share the same support and ampli-
tude, with only a phase shift in between: let ‘egx =
[€BX.0, €BX.1s - - - s EBX.N— 117 denote the frequency-domain
NBI vector associated with the CP’s duplicate in the OFDM
block given by (4), where the time-domain representation of
€px is given by

ex = Sg nFnépx. )

Hence, eégx can be derived by the phase shift of ‘eg
associated with the CP in (3), which can be represented as

27 (k + a)Alg
N

where the value of FO « determines the phase to shift, and
Alp is the corresponding time-domain distance between the
CP and its duplicate in the OFDM block.

Note that Alp = N as illustrated in Fig. 1, so it can be
further derived that epx x = epxexp(j2wra), which yields a
simpler relation only related with o given by

éBx,k=?B,keXp( ) k=0,1,....N—1 (9)

épx = exp(j2ra)ep. (10)
IV. PROBABILISTIC SPARSE MACHINE LEARNING-BASED
FRAMEWORK FORMULATION AND ALGORITHMS
FOR NBI RECOVERY

In this section, the probabilistic framework of sparse
machine learning as well as the sparse combinatorial
optimization problem for NBI recovery is first formulated in
Section IV-A. Then, the proposed sparse machine learning-
based iterative algorithm called SCEM is introduced in detail
in Section IV-B, followed by the enhanced algorithm of
RSCEM imposing regularization on the loss function in
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Section IV-C. Afterward, the extension of the proposed
method to MIMO systems is presented in Section IV-D.

A. Probabilistic Sparse Machine Learning Framework
Formulation for NBI Recovery

The ultimate goal of this paper is to accurately recover
the NBI vector ‘egx located at the OFDM data block and
eliminate it from the data, which can be done by estimating
€p and using the relation in (10). Hence, first the measure-
ment of the NBI €p should be obtained, and a probabilistic
sparse machine learning-based framework can be formulated
to efficiently recover the NBI using the proposed algorithms.

The measurement vector of the NBI can be obtained
using the temporal differential measuring operation [36].
Specifically, as illustrated in Fig. 1, the measurement vec-
tor can be obtained by the differential operation between the
received IBI-free region p in (3) and its duplicate py in (4)
at the end of the OFDM block, which nulls out the cyclic
data component Sg v ¥cph, yielding the measurement vector
of the NBI

Ap = Ae + Aw (11)

where Ae = e — ex and Aw = w — wy. Thus, by substi-
tuting (7) and (8) into (11), the measurement vector can be
rewritten as

Ap = SgNFvAép + Aw (12)
where Aé€p is given by
AéB = éB — éBX = (1 — exp(jZna))éB (13)

whose support is the same with that of €z and ‘epx.

After obtaining the measurement of the NBI in (12),
the probabilistic sparse machine learning framework of NBI
recovery can be formulated, by which the support distribu-
tion of the NBI can be learned using the proposed algorithms.
Because of the sparsity of the frequency-domain NBI vector,
it is crucial to recover its support, i.e., the set of the indices
of the nonzero entries. Since the sparsity level of the NBI is
K, it is required that the unknown NBI vector Aép € CV to
be reconstructed in (12) should satisfy

Jagsl, < K 19

where || - ||o denotes the £¢-norm, i.e., the number of nonzero
entries. To recover the optimal NBI vector based on the mea-
surement in (12), we should solve the optimization problem
given by

A&y = argmin| Ap — Sg NFyAEg||,. s.t.|Aé|, <K
Aép

15)

where A€y denotes the optimal NBI vector to be recovered
from the measurement Ap in (12) that minimizes the residue
error norm r, with r given by

r= ” Ap — Sg.nFyAép ”2 (16)

In the conventional perspective of signal processing, the
problem in (15) is intractable, because of the nonconvex con-
straint of £p-norm. Since the constraint is a sparse one, it can
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be regarded as a sparse combinatorial optimization problem.
Let E denote the set of all possible supports of sparse vectors

satisfying the constraint in (14), we have
E = {supp(Aép € CV)|| Az, < K} (17)

so the size of the set E of possible solutions is given by

k=K k=K N!
|E| = cﬁvzz—‘. (18)
— — (N - K)!K!

It can be noted from (18) that the possible supports of the
solution space is exponentially and combinatorially increasing
with the problem size N and K.

Some sparse approximation methods, including the popular
CS-based theory, have been exploited to relax the noncon-
vex optimization problem to a tractable one in literature. For
instance, the nonconvex {p-norm constraint in (15) can be
relaxed to the convex £1-norm minimization problem [22] as

19)

arg min” Aégi
Aep

1’ S.t.” Ap — SG’NFNAéB ”2 <e€

where € denotes the error norm bound due to the background
AWGN noise Aw, and thus convex programming can be
exploited to solve it [54]. However, the performance of the
CS-based methods is dependent on the RIP of the observa-
tion matrix [22], [55]. Besides, performance degradation could
be caused due to intensive background noise and large spar-
sity level [22]. The spectral efficiency could still be improved
because many measurement samples have to be reserved in
the guard interval for CS-based methods [33].

To overcome the difficulties of state-of-the-art methods, a
probabilistic sparse machine learning-based approach called
SCEM is proposed for NBI recovery, which is able to effi-
ciently solve the nonconvex sparse combinatorial optimization
problem in (15) without strict prior RIP requirements for
the observation matrix Sg yFy, and much more spectrum-
efficient by reducing the cost of measurement data. The
proposed algorithm significantly develops the conventional CE
method [24] to accommodate the sparse recovery problem, and
the unknown sparse NBI signal can be accurately recovered,
as described in detail in the next section.

B. Proposed Sparse Machine Learning Inspired Algorithm:
Sparse Cross-Entropy Minimization

Based on the probabilistic framework of sparse learning, the
purpose of the SCEM algorithm proposed in this paper is to
efficiently solve the sparse combinatorial optimization problem
in (15) by iteratively minimizing the CE between the current
support distribution and the one minimizing the residue error
norm. The pseudocode of the proposed SCEM algorithm is
summarized in Algorithm 1, and the computing flowchart of
the essential computing modules, parameters, nodes, and data
flows of the algorithm is illustrated in Fig. 2.

It can be observed from Fig. 2 that the proposed sparse
machine learning algorithm iteratively learns the probability
distribution of the NBI support by minimizing the loss func-
tion (i.e., the CE). In each iteration within the algorithm loop,
the algorithm generates a set of candidate supports randomly
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Algorithm 1 SCEM for Sparse Machine Learning-Based NBI
Recovery
Input:
1) Measurement vector Ap
2) Observation matrix ¥ = Sg nvFy
3) Threshold for residue error norm €
4) Candidate supports number N., favorable supports
number Ny, maximum iteration number /I,
Initialization:
1: 9 « 1. Ty (initial probability distribution of the
NBI support)
2: k < 0 (iteration count number)
Iterations:
3: repeat
4:  Randomly generate N, candidate supports {H}k)}jvz"l

based on the current support distribution q©, where
each candidate support is generated in a recursive way
st NP <K.j=1,N,

5:  Compute the corresponding NBI vectors {Aégi 3}& 1> St

el —wl Ap, A&l

. ~0
® ® J | e
I1 i I ; I1 5

6:  Calculate the corresponding residue error norms PO =

HAp—\IrAégf; Ji= LN

7:  Sort {;f;k) }JN:‘ | in the ascending order as
SR

8:  Select the Ny smallest residue error norms {r[(]ﬁ)}j.v':f],
and set the corresponding supports {l'[g-(]) };Vil as the

favorable supports
9:  Update the probability distribution of NBI support to
q**D by minimizing the CE based on (23)
10 k<k+1
11: until r[(]f]_l) <eork>Iy
Output:
1) Learnt support probability distribution §q = q®
2) Recovered NBI support = HE][]_ b
1)

3) Recovered sparse NBI vector Aég = Aégﬁ fl]

(halting condition)

based on the current support distribution q® [initialized by
q@], and computes the corresponding residue error norms
using the measurement vector from the input. After sorting the
residue error norms, the set of favorable supports is selected
out, which serves as the training data set. Then, the loss func-
tion is computed by calculating the CE between the training
data set and the estimated output. By minimizing the loss
function using gradient descent, the support distribution is
backward updated to q**1 for the next iteration. This pro-
cess will drive the support distribution gradually to be trained
toward the one with minimum estimation error. The iterations
continue until the halting condition of the algorithm is met,
and the output of the algorithm is thus achieved.

The overall structure and explanations of Algorithm 1 are
described as follows.

Phase 1 (Input): The measurement vector Ap, the observa-
tion matrix W, the residue error norm threshold € given in (19),
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“Tnput: Measurement vector AP\
& observation matrix w J

(Output: q,ﬁ,AéB )4,,},,\
o2

‘v‘v

x k41
Compute . i
residue error Sort Training
& Favorable supporis data set
norms Compute Minimize
; set (TIM} p ;
\",‘“),l’l Select v (regularized) | : loss function
? . loss function by gradient
Estimated ) ) descent
Generate Current support L(TT)

candidate “

supports
)N,
Py

Probability distribution ¢

distribution

Backward updating support
i)

_ distribution to (

Fig. 2. Computing flowchart of the iterative sparse machine learning-based
algorithm of SCEM for NBI recovery.

and the number of candidate supports and favorable supports,
i.e., N and Ny, are input to the algorithm.

Phase 2 (Initialization): The initial probability distribution
of the NBI support 1s set as q© « (1/2) - T 1, where
q® = [q(()k), qgk) qN ) 17, and ¢ denotes the probability
that the nth entry is in the NBI support TT% | i.e.,

Pr(n € H(k)) = q,(j‘),

Since the nonzero entries can be randomly distributed in the
support, assuming each entry has an initial probability of 0.5
to be nonzero is rational without loss of generality.

Phase 3 (Main Iterations): The main process is composed
of multiple iterations, and terminates until the halting condi-
tion of the algorithm is met. The main process includes the
following steps.

1) Candidate Supports Generation (Line 4): N. candi-
date supports {I"Ij(.k>};v:"l are generated based on the support

n=0,...,N—1. (20)

distribution q®. Each candidate support H}k) is generated
in an efficient and simple recursive manner to obtain a K-
sparse support. Let 7; denote the current temporary support
in the recursive generation process, where the initial tem-
porary support my = {0, 1,..., N — 1}. Then, based on the
current temporary support 7; and its corresponding probabil-
ity {qﬁlk)}nem derived from the current support distribution g,
a more sparse temporary support 7,41 can be generated by a
Bernoulli trial on each entry n € m; as

Tl = {n|n emand £ = 1} Q1)
where the {0, 1}-valued parameter f,f”l) is the outcome of the
Bernoulli trial on entry n € 7; with Bernoulli probability qflk).
Afterward, / <— [+ 1 and keep doing this until |7;| < K, and
then the candidate support is set as ;" = m.

2) Computing NBI and Residue (Lines 5 and 6): The esti-
mated NBI vectors {AeB)}N”1 corresponding to the candidate
supports are calculated based on the least squares principle
implemented on the candidate supports {H }] 1» and the cor-
responding residue error norms {r( )}
using the estimated NBI vectors.

3) Favorable Supports Selection (Lines 7 and 8): The can-
didate supports are sorted by the residue error norms in the
ascending order in order to pick out the best Ny candidate sup-
ports with smallest estimation error, which is closest to the real

NBI support and regarded as the favorable supports {I'I(k) }s =1

=1 are calculated by (16)
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The implicit probability distribution implied by the favorable
supports is the training target of the current support distribu-
tion ¥, which is gradually driven toward the ground-truth
distribution by iteratively minimizing the CE between them.

4) Learning Support Distribution by Minimizing CE
(Line 9): The CE is utilized as the loss function /J(l'lg.‘]); q(k))
in the perspective of machine learning theory, which is given
by

Ny
*). (k)) __ 1 ( (k)‘ (k))
E(l‘[[l] < ZlnPr n®|q (22)
I
where {— In Pr(l'IE/].(]) |q(k))} is the NLL of the favorable support

Hfl.k]) conditioned on the current probability distribution q*.
By minimizing the loss function in (22), the current support
distribution q® is updated to q**1, which is given by

me%<W¢%

Let a {0 1} valued length-N vector f; denote the favorable
support I"[[/] , Where its nth entry fi;; » = (f[;))» satisfies

q**V = argmin{ —
q®

(23)

1,nen$
f[j]v” = 0’ ¢ 1—[ !

Then the conditional probability Pr(HEjk])|q(k)) in the CE
in (23) is given by

k
Pr(Mgjia®) = Pe(fgla”)
where ffj1,, is a Bernoulli random variable given by

Pr(f[j]’,, - 1) = ¢ Pr(f[/],n - o) =1-4%. (6)

Thus, one can derive that

N—-1
pe(la®) = TT ()" (1 - o)™
0

n=

(24)

(25)

27)

By substituting (27) into (23), the first derivative of the CE
with respect to 61;(1 can be derived as

Ny
3 1 o
— 11— E lnPr(I‘[(. ’q(k))
ag® | N = (/1

N.
9 1 <

= 0P WZ[fmnlnq(“ (1 =) (1 =)

_ e 1= fijgn

= Nf NN

To minimize the CE, the first derivative (28) is set to zero,
so the updated support distribution q** can be learned by

(28)

(k+1) _

Ny
L N
gt = S =01 N-1 (29
ij=1
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5) Iteration Switching (Lines 10 and 11): If the halting
condition is satisfied when r[(]f_l) <€ or k > I, the algorithm
ends. Otherwise, the algorithm goes into the next iteration.

Phase 4 (Output): The output of the algorithm includes the
learned support probablllty distribution g = q®, the recovered
NBI support M= l'Im b , and the recovered sparse NBI vec-

tor Aég = Aeg’“]), which obtains the solution of the sparse
combinatorial optimization problem in (15) as Aéy = Aép.

Afterward, €g can be calculated by (13) and the NBI
eégx associated with the OFDM block can be calculated
through (10). Then, the NBI can be directly eliminated from
the information data in the frequency domain just by sub-
tracting €gpx from the received frequency-domain OFDM
subcarriers X, which is given by

X=X - €BxX (30)

where X is the DFT of the received OFDM block x; as illus-
trated in Fig. 1, while X is the frequency-domain OFDM data
block free from the NB-IoT interference. Thus, the NBI-free
OFDM data block can be then used for information demapping
and decoding.

C. Enhanced Sparse Machine Learning-Based Algorithm:
Regularized SCEM

In the proposed SCEM algorithm where the CE plays the
important role of loss function, each NLL corresponding to
each favorable support 1'[8.(]) has an average contribution to
the CE given in (23), so the favorable supports with different
residue error norms contribute the same to the loss function.
In fact, different supports should reflect different contributions
on the loss function so as to encourage the algorithm to learn
the support with less error. Out of this insight, an enhanced
sparse learning algorithm of RSCEM is proposed, in which
the loss function in (22) is regularized by multiplying with
the weighting parameter Af; to generate the regularized loss
function L’reg(l"l(lf); q®) given by

Ereg(nﬁk]) (k)) = —— Zk[j]lnPr(H(k)‘q(k)> 31

where the regularization welghtmg parameter Af; is given by
20) .

A[j] (k) , J=12,...,Ns (32)

dn

where 7 is the average residue error norm over the favorable
supports given by

7 —

Z k)

Note that a smaller residue error norm rg;) leads to a larger
weighting parameter A in (32). Hence, the NLL correspond-
ing to a more accurate support will have a larger contribution
to the regularized loss function in (31), which will drive the
support distribution @ to converge to the ground-truth sup-
port more accurately and more efficiently. The pseudocode of
RSCEM is thus similar to that of SCEM given in Algorithm 1

(33)
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except for the procedure of minimizing the loss function in
line 9, where the regularized loss function is now adopted to
update the distribution as given by

q(k+1) = arg min — — Z )\[/]ll‘l Pr( ch]) ‘q(k)> (34)

q®

To calculate the minimum regularlzed loss function in (34),
the same notation as in the previous section, i.e., the Bernoulli
vector f[;; in (24) denoting the favorable support ch])’ 1s
inherited. Through similar deduction from (24) to (27), and
substituting (27) into (34), the first derivative of the regu-

. . . 105 .
larized loss function with respect to ¢,  can be obtained,
represented as

Ny
# { _Nif ; Ay Pe( 114 ‘qao) }
(1 _f[j],n) ln( q<k>)]

(35)

Ny
ad
= 8q(k)’ Z)‘[J][f[ﬂnlnqn

N.
__U5e, [ =i
Ny & (/1 T

Setting the first derivative of the regularized loss function
given in (35) to zero, the regularized loss function can be min-
imized, yielding the updated support probability distribution
q**D given by

Nf
21 M
Nj ’
21 M)
Comparing (36) with (29), it can be observed that, for the
algorithm of SCEM, all the entries {f;, n}

contribution to the updating of q( D ip (29), so the different
accuracy among favorable supports are not taken into consider-
ation. On the other hand, for the enhanced RSCEM algorithm,
a more accurate support 1'[8{]) will impose a larger weighting
parameter Aj on and have a larger contribution to the updat-
ing of q(kH) as implied by (36). In fact, (29) can be regarded
as a special case of (36) when A =1, j = 1,2,..., Ny,
Consequently, it can be derived that the enhanced RSCEM
algorithm will learn the ground-truth support distribution more
accurately and more efficiently than SCEM, which is also
validated in the simulation results in the next section.

(1) _

qn (36)

have the same

D. Extension to MIMO: Simultaneous Multiantenna NBI
Recovery Algorithm

The proposed method can be extended to MIMO systems
to further improve the estimation accuracy by exploiting the
spatial correlation of the NBI. Due to the spatial correlation,
the received NBI signals at different receive antennas in the
MIMO system share the same support, i.e., the locations of
nonzero entries are the same, although their amplitudes might
be different [34]. One can make use of the spatial correlation
in the iterations of the proposed sparse machine learning algo-
rithm to simultaneously recover the NBI signals contaminating
multiple receive antennas.
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Algorithm 2 (S-SCEM) for NBI Recovery in MIMO System
Input:
1) Measurement vectors {Ap,} _; at NR receive antennas
2) Observation matrix ¥ = SG,NFN
3) Threshold for residue error norm €
4) Parameters N, Ny, Iy
Imttaltzatwn
1: q© « 3 1 Nx1
2. k<0
Iterations:
3: repeat
4:  Randomly generate N, candidate supports {l'[;k) };V:CI

based on the current support distribution q® s.t.
nP | <Kj=1.---N,

5. For each candidate support l'[(k) j=1,---N., compute
~(k
Nr NBI vectors {Ae]g}(t)}t s S
=(k) T (k)
AeB]U) (A) <« \Iln/(k)Apt, AeB](t) e ~0

6:  For each candidate support I"I](- ), j=1,--
NR residue error norms:

- N¢, calculate

k ~(k
(i = Il Ap — WAEY, 11217,
7. Calculate the welghted average residue error norms
—(k){Ne
(7o by
GEED LY r([), with B; given by (37)

8:  Sort the welghted average residue error norms in the

ascending order as

=0 2B

=" =
9:  Select the Nf smallest weighted average residue error

<r(1]§,)

norms {rm }j}.vil, and set {H( )}jfl as the favorable
Supports
10:  Update the probability distribution of NBI support to
q**D by minimizing the CE based on (23)
1: k<k+1
12: until ?Elffl) <eork>Iy
Qutput:
1) Learnt support probability distribution §q = q®
2) Estimated common sparse NBI support = I'I(k] b

3) Estimated Nr NBI vectors {Aég() = AeB (Z)}t=

(halting condition)

Specifically, the SCEM algorithm in Algorithm 1 can be
extended to the MIMO system to formulate the algorithm
called S-SCEM, whose details are presented in Algorithm 2.
The input includes the measurement vectors at Ng receive
antennas, denoted by {Apt}t |» obtained by the temporal dif-
ferential measuring operations on the Ng receive antennas as
in (12) for the single antenna case. Other input parameters
and the initialization process are similar to those of SCEM.
For the kth 1terat10n in the repeated loop, first, the N, candi-
date supports {H } <, are generated in the same way as that

of SCEM. Then, for each candidate support I'I( ), the Ng NBI

(k) \NR
vectors {AeB’j(l) =, and residue error norms {r(t) o) corre-

sponding to the Ng receive antennas are calculated. Note that
the method of sorting the residue error norms is different from
SCEM in the MIMO case. In order to take the contributions of

Nr
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all the receive antennas into account, the residue error norms
over the N receive antennas can be summed up for each
candidate support H ) before sorting them. An alternative
approach is welghted averaging, where the weights {,3,}
are proportional to the signal-to-noise ratio (SNR) given by

Pt
b=
Zrzl Pr
where p; is the SNR at the 7-th receive antenna and can be
estimated through the pilot power versus the noise floor level.
Thus, the weighted average 7% of the residue error norms for

t=1,...,NR (37)

candidate support l'[(k) is given by

®
Z Br - T

In Algorithm 2, the we1ghted average is adopted to deter-
mine the average residue error and sort the candidate supports.
After summing or weighted averaging, the information of
the residue error norms from all the receive antennas can
be exploited to sort the candidate supports, and generate Ny

—(k) (38)

favorable supports {HE/.k]) }jl.vil by picking out the best Ny ones.
Afterward, the current probability distribution of the support is
similarly updated by minimizing the CE according to (23). The
halting condition is similar to that of SCEM when weighted
average is adopted, while the threshold should be Ng € when
summing is adopted before sorting. Finally, the output of
S-SCEM is the estimated common NBI support I1 and the
estimated Ng NBI vectors {AéB(,)}i\fl that can be utilized
to eliminate all the NBI signals at the Nr receive antennas,
respectively.

V. PERFORMANCE EVALUATION AND
SIMULATION RESULTS

A. Computational Complexity Analysis

The computational complexity of the proposed algorithms
are theoretically and numerically analyzed and compared as
follows.

For the proposed algorithms, considering the complexity
of each iteration of SCEM in Algorithm 1: line 4 (gener-
ating N, candidate supports)—O(N,); line 5 (calculating N,
NBI vectors)—O(N.GK?); line 6 (calculating N, residue error
norms)—QO(N.GK); lines 7 and 8 (sorting N, residue error
norms and selecting Ny smallest ones)—O (N, log N.); line 9
(updating the NBI support distribution)—O(NNy). Therefore,
summing them together, the total complexity of each iteration
of SCEM is O(N.GK? + NNy). Similarly, since RSCEM
only involves the calculation of Ny weighting parameters
in (32) with the complexity of O(Ny), one can derive that
the total complexity of each iteration of RSCEM is also
O(WN.GK? + NNp). Then, considering the maximum iteration
number [, the total complexity of the SCEM and RSCEM
algorithms are O(I,,(N.GK?> + NNy)). The complexity of
the S-SCEM algorithm for MIMO systems can be simi-
larly derived as O, (NgN,GK? + NNy)). Compared with
the existing block SBL-based algorithm which costs a com-
plexity of O(u?’N>G), where u is another parameter related
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with the NBI block distribution [36], the proposed algo-
rithms can recover the NBI with an acceptable and comparable
complexity.

From the above analysis, it can be noted that apart from
the sparsity level K of the NBI, the complexity performance
of the proposed algorithm is mainly dependent on the choice
of the parameters N., Ny, and I,. If a larger value of N,
and Ny is chosen, the computational complexity will be lin-
early increased. On the other hand, since more candidate
supports are generated from the distribution, and more favor-
able supports with smallest estimation error are selected to
calculate the CE for the learning and training process, each
iteration will be further approaching the ground-truth distri-
bution, which makes the algorithm to converge more rapidly.
Thus, the required total maximum iteration number I, can be
reduced in order to reach the halting condition of estimation

. (k—1) . .
error given by rjj; " < € in Algorithm 1.

Therefore, there is a tradeoff between the computational
complexity of each iteration and the total number of itera-
tions I,. If the learning agent (e.g., LTE base station) has
more available computing resource and hopes to deal with a
real-time NBI estimation and cancellation, then choosing a
larger N. and Ny is more suitable. Otherwise if computing
resource is the bottleneck but longer delay is tolerable such as
for some cost-effective terminal, N. and Ny can be set smaller.
Empirically, N. = 70, Ny = 15, and I, = 15 are set in the
following simulations in this paper, which leads to a moderate
computational complexity and convergence rate.

Furthermore, the performance of the parameters influencing
the computational complexity of the proposed algorithm is
evaluated through numerical analysis as follows.

First, the parameters of the number of candidate and favor-
able supports N, Ny, and the maximum iteration number I,
are investigated in order to reach successful NBI estimation.
A successful NBI estimation is recognized if the support is
recovered correctly and the MSE of estimation is smaller than
1073, The numerical analysis result for the parameters is listed
in Table II, where the NBI signal dimension N is assumed to
be fixed at 600. As specified in the 3GPP LTE standards [12],
the active data OFDM subcarrier number is set as N = 600
(when the number of resource block is 50), which is the signal
dimension of the NBI. It can be observed that the numeri-
cal analysis is consistent with the theoretical analysis above.
For example, when considering K = 26, if a larger value of
N. = 98 and Ny = 26 is chosen, I, can be reduced to 15
compared with 23. In this way, the convergence rate is faster
due to fewer iterations, but the cost is that each iteration is
more computationally complicated. Besides, when we inves-
tigate all over the three sparsity levels K = 13, 26, 39, it can
be observed that when N, = 70 and Ny = 15 are fixed, then
I, should be set larger for a larger K to allow more iterations
and longer algorithm delay.

However, the overall computational complexity
O (N.GK?* + NNy)) has similar order for different
parameter choices with the same sparsity level because it
is observed from Table II that /,, changes in the opposite
direction to N, and Ny. Moreover, it can be noted that with the
rapid linear increase of K, the parameters required to reach
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TABLE II
PARAMETERS OF PROPOSED ALGORITHM TO REACH SUCCESSFUL NBI
RECOVERY WITH DIFFERENT SPARSITY LEVEL K

K 13 26 39

In 15 20 15 23 15 31

N, 70 62 98 70 143 70

Ny 15 11 26 15 32 15
TABLE III

AVERAGE NUMBER OF ACTUAL ITERATIONS OF DIFFERENT NBI
RECOVERY ALGORITHMS WITH RESPECT TO SPARSITY LEVEL K

sparsity| Conv. Conv. Prop. Prop. Prop.
level PA- SAMP SCEM | RSCEM | S-SCEM
K SAMP
13 10.5 12.8 12.5 10.6 8.3
26 22.4 26.1 124 10.5 8.5
39 34.8 38.6 12.6 10.7 8.8

successful NBI estimation is not increasing as fast and the
overall complexity is kept at an acceptable level in different
conditions. This validates the advantage and efficiency of the
proposed sparse machine learning algorithm in training and
approximating the ground-truth distribution rapidly compared
with blind random exploration.

Second, the actual number of iterations needed upon suc-
cessful estimation (MSE < 1073) with respect to sparsity level
K is investigated for both state-of-the-art and the proposed
algorithms through numerical analysis, as shown in Table III.
The performance of the state-of-the-art CS-based algorithms
called SAMP [32] and PA-SAMP [33] is also evaluated for
comparison. It is shown that the actual number of iterations
for CS-based algorithms increase approximately linear with
sparsity level K. On the other hand, the actual number of
iterations needed by the proposed algorithms, which reflects
the convergence rate, almost keeps invariant, which is consis-
tent with the theoretical analysis. This is because N, and Ny
can be adjusted accordingly with the increase of K, although
each iteration will cost more computational complexity. It
is also verified that setting the maximum iteration number
as I, = 15 for all the three proposed algorithms is suf-
ficient to recover the NBI accurately. Thus, the processing
delay of the proposed algorithms in the learning agent is
properly guaranteed and constrained. Besides, it is observed
from Table III that, the proposed enhanced algorithms of
RSCEM and S-SCEM need fewer iterations than SCEM and
thus converge faster, which shows that the regularization of
the loss function and the exploitation of the spatial correla-
tion can bring significant benefit to the training and learning
process.

B. Simulation Results of NBI Estimation and Elimination

The performance of the proposed methods for the estimation
and elimination of the NB-IoT interference to the LTE system
is evaluated by extensive simulations. The proposed algorithms
of SCEM and RSCEM are simulated in the single-input single-
output (SISO) system, while the proposed S-SCEM algorithm
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is simulated in a 4 x 4 MIMO system with N = 4 using
weighted averaging given in (38) as the criterion of sorting
and selecting the favorable supports.

As specified in the 3GPP LTE standards [12], the length
of each CP is set as V = 144 when the active data OFDM
subcarrier number is N = 600. The subcarrier spacing is
15 kHz, so the occupied active data bandwidth is configured
as 9.0 MHz [12], leading to a CP duration of 4.68 us. In this
operation mode of LTE, the total number of subcarriers con-
sidering inactive and other ones is 1024, and the total channel
bandwidth is 10.0 MHz [12], [13]. The equivalent baseband
multipath six-tap channel called the ITU-R Vehicular-A chan-
nel model [56], which is widely used to emulate the wireless
mobile channel, is applied, where the UE receiver velocity of
20 km/h is used to present the typical low-speed mobile chan-
nel. The maximum delay spread of the Vehicular-A channel
is 2.51 ws, which is equivalent to the channel length L = 76,
so the size of the IBI-free region is G = 68. In the simula-
tions, the size of the IBI-free region can be predetermined
according to the system configuration of frame length and
the maximum channel delay spread of the adopted channel.
According to the CS theory in literature, the CS-based meth-
ods require the measurement vector length G to be in order
of O(Klog(N)) [22], which means the size of the IBI-free
region is sufficient for effective recovery with overwhelming
high probability. Based on the simulation results that will be
reported in Fig. 4, setting the measurement vector length G to
be 68 is more than sufficient for accurate recovery using the
proposed sparse machine learning-based algorithms. In real-
istic implementation, the maximum channel delay spread can
also be obtained from the a priori knowledge of the channel
environment and channel statistics, or from the coarse channel
estimation of the path delays using the correlation of training
sequences at the receiver [57]. The turbo code with code rate
of 1/3 as well as the 64-QAM modulation as specified in the
LTE standards [12] are adopted.

As described in Section III-B, each tone interferer of the
NBI generated by the NB-IoT signal follows a Gaussian dis-
tribution. The FO of the NBI is configured to be a priori
known as o = 0.20 in the simulations, while it can also be
effectively estimated at the receiver through the grid search
method [29] in realistic implementation. Since each NB-IoT
service occupies a bandwidth of 200 kHz according to the
NB-IoT specifications [8], which is equivalent to 13 subcar-
riers in the LTE spectrum, the sparsity level of the NBI is
assumed to be K = 13. To make the NBI model more gen-
eral, the support IT of the NBI is assumed to follow a uniform
distribution U[0, N — 1] among all the N subcarriers. Unless
otherwise specifically stated, the INR of the NBI is configured
as y = 15 dB in the simulations.

As described in the previous numerical analysis, the param-
eters N. = 70, Ny = 15, and I,,, = 15 are proper configuration
for the proposed algorithms of SCEM, RSCEM, and S-SCEM.
The performance of the state-of-the-art CS-based algorithms,
including SP [31], SAMP [32], and PA-SAMP [33], as well
as the block SBL-based algorithm called BSBL [36], is also
evaluated and reported for comparison. The simulation is
carried out by MATLAB R2017b on the platform of Intel
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Fig. 3.  MSE performance comparisons of the proposed sparse machine
learning-based method and the conventional counterparts for NBI recovery in
the LTE system under the wireless Vehicular-A channel.

Core i7 with frequency of 2.80 GHz and RAM of 8.00 GB.
In the evaluation, the learning agent is the agent operating the
proposed sparse machine learning algorithms on a wireless
cellular transmission terminal specified by 3GPP LTE stan-
dards [12], in the presence of the interference from NB-IoT
system.

The MSE performance of NBI recovery using the proposed
methods are shown in Fig. 3, with the y-axis being logarithmic.
The performance of the proposed sparse machine learning-
based methods (SCEM, RSCEM, and S-SCEM with 4 x 4
MIMO configuration), the conventional SBL-based algorithm
BSBL [36], and the conventional CS-based methods (PA-
SAMP [33] and SAMP [32]) are depicted. The theoretical
CRLB calculated by 20£(K/G) [33], [58] is also included
as a benchmark. It is noted from Fig. 3 that the proposed
algorithms of S-SCEM, RSCEM, and SCEM achieve a target
MSE of 103 at the INR of 8.6, 9.3, and 10.4 dB, respectively.
It is demonstrated that the proposed S-SCEM algorithm has
the best performance by exploiting the spatial correlation of
the NBI to simultaneously improve the estimation accuracy. It
is also shown that the proposed enhanced algorithm RSCEM
achieves a further INR gain of about 1.1 dB over the SCEM
algorithm, by imposing regularization on the loss function.
Moreover, it can be observed that the proposed approaches out-
perform the conventional sparse approximation algorithms of
BSBL, SP, PA-SAMP, and SAMP by approximately 3.3, 4.0,
4.5, and 5.3 dB, respectively. It is also noted from Fig. 3
that the MSE of the proposed algorithms are asymptotically
approaching the theoretical CRLB with the increase of the
INR, which verifies the high accuracy of the proposed sparse
learning method for NBI recovery.

Moreover, it is shown in Fig. 4 that the MSE of the proposed
algorithms decreases fast with the increase of the measurement
vector length G, i.e., the length of the received IBI-free region
p in (3) utilized for NBI measurement as shown in Fig. 1,
whereas the decrease of the MSE of the coventional sparse
approximation methods is much slower. At the MSE of 1073,
the proposed algorithms of S-SCEM, RSCEM, and SCEM cost
only G = 20, 28, and 35 time-domain samples of the IBI-
free region, respectively, whereas the SBL-based and CS-based



6930

10" j ! ! !
Conv. SAMP
10° - Conv. PA-SAMP |
E Conv. SP
—+&— Conv. BSBL

—&— Proposed SCEM _—
Proposed R-SCEM
“— Proposed S-SCEM

=

L n n n n n n 1 n 1
0 20 40 60 80 100 120 140
Measurement Vector Length G
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Fig. 5. Probability of NBI recovery using the proposed and conventional
methods in the LTE system under the wireless Vehicular-A channel.

algorithms cost more than 55 and 65 samples. Hence, it can
be concluded that the introduction of sparse machine learning
will greatly reduce the amount of measurement data required
for accurate recovery, achieving higher spectral efficiency than
conventional counterparts.

The recovery probability of the proposed method for NBI
recovery versus the sparsity level K under the Vehicular-A
channel is depicted in Fig. 5. The recovery probability is
defined as the probability of the effective NBI estimation (i.e.,
correct support estimation and MSE < 1073), which is calcu-
lated by the ratio of the number of effective NBI estimations
to the total 10° simulations in Fig. 5. It is noted that the
proposed algorithms reach a successful recovery probability of
0.90 at the sparsity level of K = 45, which significantly outper-
forms the conventional SBL-based and CS-based algorithms
with K = 26 and K = 22, respectively. It is thus validated
that the proposed methods can accurately recover the NBI
with much larger sparsity levels using limited measurement
data compared with the conventional sparse approximation
algorithms. Since each NB-IoT signal occupies 13 subcarri-
ers in the LTE spectrum, it can be inferred that the proposed
method is capable of effectively recovering and eliminating
at least 3 in-band NB-IoT interfering signals in the LTE
system.
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Fig. 6. BER performance comparison of different NBI mitigation schemes in
the LTE system under wireless Vehicular-A channel in the presence of NBI.

The bit error rate (BER) performance of the proposed
method at the UE receiver in the LTE system under
the wireless Vehicular-A channel is illustrated in Fig. 6.
Apart from the conventional CS-based and SBL-based algo-
rithms [32], [33], [36], the BER performance of the conven-
tional FTE method [17] is also reported for comparison. The
worst case ignoring NBI and the ideal case without NBI are
also depicted as benchmarks. It can be observed that at the
target BER of 10™*, the proposed sparse machine learning-
based algorithms significantly outperform the state-of-the-art
SBL-based algorithm, the existing CS-based algorithms, the
traditional FTE method, and the case ignoring NBI by about
0.5, 0.7, 1.5, and 1.8 dB, respectively. This implies that the
NBI can be more effectively recovered and eliminated in the
proposed probabilistic framework of sparse machine learning
using the iterative learning algorithms compared with state-
of-the-art counterparts. Furthermore, it is shown in Fig. 6
that the gap between the curves of the proposed algorithms
and the ideal case without NBI is only about 0.2 dB, validat-
ing the accuracy and effectiveness of the proposed schemes
for NBI mitigation in the heterogeneous networks composed
of NB-IoT and LTE systems.

VI. CONCLUSION

In this paper, a novel sparse machine learning-based proba-
bilistic framework of NBI recovery is formulated for harmonic
coexistence of NB-IoT and LTE systems. The original non-
convex sparse combinatorial optimization problem of NBI
recovery is efficiently and accurately solved by the proposed
sparse learning algorithm of SCEM, which iteratively learns
the probability distribution, i.e., the sparse pattern, of the NBI
support by minimizing the loss function of CE. By imposing
regularization on the loss function, the enhanced algorithm of
RSCEM is proposed to further improve the convergence rate
and accuracy. Furthermore, the spatial correlation of the NBI
in multiple receive antennas of the MIMO system is exploited
to simultaneously recover the NBI signals more accurately and
efficiently. It is verified by theoretical analysis and numeri-
cal simulation results that the proposed algorithms outperform
state-of-the-art counterparts in spectrum efficiency, estimation
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accuracy and computational complexity. Using the proposed
method, both the UEs and the base stations in LTE systems can
be protected from the contamination of NB-IoT interference.
Moreover, the proposed scheme can also be widely applied in
other wireless heterogeneous networks and broadband systems
contaminated by NBI.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

REFERENCES

B. Di, L. Song, Y. Li, and Z. Han, “V2X meets NOMA: Non-orthogonal
multiple access for 5G-enabled vehicular networks,” IEEE Wireless
Commun., vol. 24, no. 6, pp. 14-21, Dec. 2017.

M. B. Alaya, S. Medjiah, T. Monteil, and K. Drira, “Toward semantic
interoperability in oneM2M architecture,” IEEE Commun. Mag., vol. 53,
no. 12, pp. 3541, Dec. 2015.

B. Zhang, Y. Li, D. Jin, P. Hui, and Z. Han, “Social-aware peer discovery
for D2D communications underlaying cellular networks,” IEEE Trans.
Wireless Commun., vol. 14, no. 5, pp. 2426-2439, May 2015.

Y. Niu et al., “Exploiting device-to-device communications in joint
scheduling of access and backhaul for mmWave small cells,” IEEE J.
Sel. Areas Commun., vol. 33, no. 10, pp. 2052-2069, Oct. 2015.

L. Xiao, Y. Li, C. Dai, H. Dai, and H. V. Poor, “Reinforcement learning-
based NOMA power allocation in the presence of smart jamming,” [EEE
Trans. Veh. Technol., vol. 67, no. 4, pp. 3377-3389, Apr. 2018.

Y. Sun, F. Tong, Z. Zhang, and S. He, “Throughput modeling and anal-
ysis of random access in narrowband Internet of Things,” IEEE Internet
Things J., vol. 5, no. 3, pp. 1485-1493, Jun. 2018.

Y. Li, K. Chi, H. Chen, Z. Wang, and Y. Zhu, “Narrowband Internet of
Things systems with opportunistic D2D communication,” /IEEE Internet
Things J., vol. 5, no. 3, pp. 1474-1484, Jun. 2018.

J. Gozalvez, “New 3GPP standard for I0T,” IEEE Veh. Technol. Mag.,
vol. 11, no. 1, pp. 14-20, Mar. 2016.

Y. Li, X. Cheng, Y. Cao, D. Wang, and L. Yang, “Smart choice for the
smart grid: Narrowband Internet of Things (NB-IoT),” IEEE Internet
Things J., vol. 5, no. 3, pp. 1505-1515, Jun. 2018.

G. Tsoukaneri, M. Condoluci, T. Mahmoodi, M. Dohler, and
M. K. Marina, “Group communications in narrowband-IoT:
Architecture, procedures, and evaluation,” I[EEE Internet Things
J., vol. 5, no. 3, pp. 1539-1549, Jun. 2018.

C. Hoymann et al., “LTE release 14 outlook,” IEEE Commun. Mag.,
vol. 54, no. 6, pp. 4449, Jun. 2016.

Evolved Universal Terrestrial Radio Access (E-UTRA); Physical
Channels and Modulation (Release 8), v10.3.0, 3GPP Standard TS
36.211, Sep. 2011.

Evolved Universal Terrestrial Radio Access (E-UTRA); Base Station
(BS) Radio Transmission and Reception (Release 11), vi1.4.0, 3GPP
Standard TS 36.104, Apr. 2013.

A. Ghosh, R. Ratasuk, B. Mondal, N. Mangalvedhe, and T. Thomas,
“LTE-advanced: Next-generation wireless broadband technology,” IEEE
Wireless Commun., vol. 17, no. 3, pp. 10-22, Jun. 2010.

A. Rico-Alvarino et al., “An overview of 3GPP enhancements on
machine to machine communications,” I[EEE Commun. Mag., vol. 54,
no. 6, pp. 14-21, Jun. 2016.

L. P. Qian et al., “Optimal SIC ordering and computation resource allo-
cation in MEC-aware NOMA NB-IoT networks,” IEEE Internet Things
J., to be published.

S. Kai et al., “Impacts of narrowband interference on OFDM-UWB
receivers: Analysis and mitigation,” IEEE Trans. Signal Process., vol. 55,
no. 3, pp. 1118-1128, Mar. 2007.

R. Nilsson, F. Sjoberg, and J. LeBlanc, “A rank-reduced LMMSE
canceller for narrowband interference suppression in OFDM-based
systems,” IEEE Trans. Commun., vol. 51, no. 12, pp. 2126-2140,
Dec. 2003.

D. Darsena, “Successive narrowband interference cancellation for
OFDM systems,” [EEE Commun. Lett., vol. 11, no. 1, pp. 73-75,
Jan. 2007.

D. Darsena and F. Verde, “Successive NBI cancellation using soft
decisions for OFDM systems,” IEEE Signal Process. Lett., vol. 15,
pp. 873-876, Dec. 2008.

A. J. Coulson, “Bit error rate performance of OFDM in narrowband
interference with excision filtering,” IEEE Trans. Wireless Commun.,
vol. 5, no. 9, pp. 2484-2492, Sep. 2006.

D. L. Donoho, “Compressed sensing,” IEEE Trans. Inf. Theory, vol. 52,
no. 4, pp. 1289-1306, Apr. 2006.

(23]

[24]

[25]

[26]

(271

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

6931

Z. Zhang and B. D. Rao, “Extension of SBL algorithms for the recovery
of block sparse signals with intra-block correlation,” IEEE Trans. Signal
Process., vol. 61, no. 8, pp. 2009-2015, Apr. 2013.

D. P. Kroese, R. Y. Rubinstein, I. Cohen, S. Porotsky, and T. Taimre,
“Cross-entropy method,” in Encyclopedia of Operations Research
and Management Science. New York, NY, USA: Springer, 2013,
pp. 326-333.

Coexistence Simulation Results for In-Band and Guard Band Scenarios,
document 3GPP TSG-RAN R4-77AH-10T-0005, ZTE, Shenzhen, China,
Jan. 2016.

R. Ratasuk, J. Tan, N. Mangalvedhe, M. H. Ng, and A. Ghosh, “Analysis
of NB-IoT deployment in LTE guard-band,” in Proc. IEEE 85th Veh.
Technol. Conf. (VIC Spring), Sydney, NSW, Australia, Jun. 2017,
pp. 1-5.

H. Kim, S. Cho, J. Oh, and G. Jo, “Analysis of LTE and NB-IoT coex-
istence,” in Proc. Int. Conf. Inf. Commun. Technol. Converg. (ICTC),
Oct. 2017, pp. 870-872.

Y. Wang and Z. Wu, “A coexistence analysis method to apply ACLR and
ACS between NB-IoT and LTE for stand-alone case,” in Proc. Int. Conf.
Instrum. Meas. Comput. Commun. Control (IMCCC), Harbin, China,
Dec. 2016, pp. 375-379.

A. Gomaa and N. Al-Dhahir, “A sparsity-aware approach for NBI esti-
mation in MIMO-OFDM,” IEEE Trans. Wireless Commun., vol. 10,
no. 6, pp. 1854-1862, Jun. 2011.

H. Al-Tous, I. Barhumi, and N. Al-Dhahir, “Mitigation of narrow-band
interference in two-way AF-OFDM relaying systems using compressive
sensing,” in Proc. IEEE Wireless Commun. Netw. Conf., Doha, Qatar,
Apr. 2016, pp. 1-6.

W. Dai and O. Milenkovic, “Subspace pursuit for compressive sens-
ing signal reconstruction,” IEEE Trans. Inf. Theory, vol. 55, no. 5,
pp. 2230-2249, May 2009.

T. T. Do, L. Gan, N. Nguyen, and T. D. Tran, “Sparsity adap-
tive matching pursuit algorithm for practical compressed sensing,” in
Proc. Asilomar Conf. Signals Syst. Comput., Pacific Grove, CA, USA,
Oct. 2008, pp. 581-587.

S. Liu, F. Yang, and J. Song, “Narrowband interference cancelation based
on priori aided compressive sensing for DTMB systems,” IEEE Trans.
Broadcast., vol. 61, no. 1, pp. 66-74, Mar. 2015.

S. Liu, F. Yang, W. Ding, X. Wang, and J. Song, “Two-dimensional
structured-compressed-sensing-based NBI cancellation exploiting spatial
and temporal correlations in MIMO systems,” IEEE Trans. Veh. Technol.,
vol. 65, no. 11, pp. 9020-9028, Nov. 2016.

J. Lin, M. Nassar, and B. L. Evans, “Impulsive noise mitigation in pow-
erline communications using sparse Bayesian learning,” IEEE J. Sel.
Areas Commun., vol. 31, no. 7, pp. 1172-1183, Jul. 2013.

S. Liu, F. Yang, J. Song, and Z. Han, “Block sparse Bayesian learning-
based NB-IoT interference elimination in LTE-advanced systems,” [EEE
Trans. Commun., vol. 65, no. 10, pp. 4559-4571, Oct. 2017.

Y. Li, X. Cheng, and G. Gui, “Co-Robust-ADMM-Net: Joint ADMM
framework and DNN for robust sparse composite regularization,” IEEE
Access, vol. 6, pp. 4794347952, 2018.

H. Zhang et al., “Reinforcement learning-based interference control
for ultra-dense small cells,” in Proc. IEEE Glob. Commun. Conf.
(GLOBECOM), Dec. 2018, pp. 1-6.

L. Xiao et al., “Two-dimensional antijamming mobile communication
based on reinforcement learning,” IEEE Trans. Veh. Technol., vol. 67,
no. 10, pp. 9499-9512, Oct. 2018.

G. Gui, H. Huang, Y. Song, and H. Sari, “Deep learning for an effec-
tive nonorthogonal multiple access scheme,” IEEE Trans. Veh. Technol.,
vol. 67, no. 9, pp. 8440-8450, Sep. 2018.

G. E. Hinton and R. R. Salakhutdinov, “Reducing the dimensionality of
data with neural networks,” Science, vol. 313, no. 5786, pp. 504-507,
Jul. 2006.

C. Robert, Machine Learning: A Probabilistic Perspective. Cambridge,
MA, USA: MIT Press, 2012.

Y. Lu, C. Cheng, J. Yang, and G. Gui, “Improved hybrid precoding
scheme for mmWave large-scale MIMO systems,” IEEE Access, vol. 7,
pp. 12027-12034, 2019.

P.-T. De Boer, D. P. Kroese, S. Mannor, and R. Y. Rubinstein, “A tuto-
rial on the cross-entropy method,” Ann. Oper. Res., vol. 134, no. 1,
pp. 19-67, Feb. 2005.

“Unified high-speed wire-line based home networking transceivers—
System architecture and physical layer specification,” Int. Telecommun.
Union, Geneva, Switzerland, ITU Recommendation G.9960, Jun. 2010.
J. Xu et al., “Narrowband Internet of Things: Evolutions, technologies,
and open issues,” IEEE Internet Things J., vol. 5, no. 3, pp. 1449-1462,
Jun. 2018.



6932

[47] D. Umehara, H. Nishiyori, and Y. Morihiro, “Performance evaluation

of CMFB transmultiplexer for broadband power line communications

under narrowband interference,” in Proc. IEEE Int. Symp. Power Line

Commun. (ISPLC), Orlando, FL, USA, Mar. 2006, pp. 50-55.

A. M. Tonello and F. Pecile, “Efficient architectures for multiuser FMT

systems and application to power line communications,” IEEE Trans.

Commun., vol. 57, no. 5, pp. 1275-1279, May 2009.

[49] J. Chen et al., “Narrowband Internet of Things: Implementations and

applications,” IEEE Internet Things J., vol. 4, no. 6, pp. 2309-2314,

Dec. 2017.

M. S. Sohail, T. Y. Al-Naffouri, and S. N. Al-Ghadhban, ‘“Narrow

band interference cancelation in OFDM: A structured maximum likeli-

hood approach,” in Proc. IEEE 13th Int. Workshop Signal Process. Adv.

Wireless Commun. (SPAWC), Cesme, Turkey, Jun. 2012, pp. 45-49.

H. C. Ferreira, L. Lampe, J. Newbury, and T. G. Swart, Power

Line Communications—Theory and Applications for Narrowband and

Broadband Communications Over Power Lines. Chichester, U.K.: Wiley,

2010.

[52] J. Zhang and J. Meng, “Noise resistant OFDM for power-line commu-
nication systems,” IEEE Trans. Power Del., vol. 25, no. 2, pp. 693-701,
Apr. 2010.

[53] J. Cortés, L. Diez, F. Cagete, and J. Sdnchez-Martinez, “Analysis of the

indoor broadband power-line noise scenario,” IEEE Trans. Electromagn.

Compat., vol. 52, no. 4, pp. 849-858, Sep. 2010.

E. J. Candes and T. Tao, “Decoding by linear programming,” IEEE

Trans. Inf. Theory, vol. 51, no. 12, pp. 4203-4215, Dec. 2005.

[55] Z. Han, H. Li, and W. Yin, Compressive Sensing for Wireless Networks.

Cambridge, U.K.: Cambridge Univ. Press, 2013.

Guideline for Evaluation of Radio Transmission Technology for

IMT-2000, Int. Telecommun. Union, Geneva, Switzerland, ITU-

Recommendation M. 1225, 1997.

L. Dai, Z. Wang, and Z. Yang, “Spectrally efficient time-frequency train-

ing OFDM for mobile large-scale MIMO systems,” IEEE J. Sel. Areas

Commun., vol. 31, no. 2, pp. 251-263, Feb. 2013.

S. M. Kay, Fundamentals of Statistical Signal Processing, Volume I:

Estimation Theory. Upper Saddle River, NJ, USA: Prentice-Hall, 1993.

[48]

[50]

(511

[54]

[56]

[571

[58]

Sicong Liu (S’15-M’17) received the B.S.E. and
Ph.D. degrees (Highest Hons.) in electronic engi-
neering from Tsinghua University, Beijing, China,
in 2012 and 2017, respectively.

He was a Visiting Scholar with the City University
of Hong Kong, Hong Kong, in 2010. He served
as a Senior Research Engineer with Huawei
Technologies, Shenzhen, China. In 2018, he joined
Xiamen University, Xiamen, China, where he is cur-
rently an Assistant Professor. His current research
interests include sparse signal processing, machine
learning, and wireless communications.

Dr. Liu has served as the Editor, the Track Chair, and a TPC member of
several IEEE and other academic journals and conferences.

IEEE INTERNET OF THINGS JOURNAL, VOL. 6, NO. 4, AUGUST 2019

Liang Xiao (M’09-SM’13) received the B.S. degree
in communication engineering from the Nanjing
University of Posts and Telecommunications,
Nanjing, China, in 2000, the M.S. degree in
electrical engineering from Tsinghua University,
Beijing, China, in 2003, and the Ph.D. degree in
electrical engineering from Rutgers University,
New Brunswick, NJ, USA, in 2009.

She is currently a Professor with the Department
of Communication Engineering and the Department
Head of the Department of Cybersecurity, Xiamen
University, Xiamen, China. She was a Visiting Professor with Princeton
University, Princeton, NJ, USA, Virginia Polytechnic Institute and State
University, Blacksburg, VA, USA, and the University of Maryland at College
Park, College Park, MD, USA. Her current research interests include wireless
security, smart grids, and wireless communications.

Dr. Xiao was a recipient of the Best Paper Award of 2017 IEEE ICC
and 2016 IEEE INFOCOM Bigsecurity WS. She is a member of the IEEE
Technical Committee on Big Data. She has served in several editorial
roles, including as an Associate Editor for the IEEE TRANSACTIONS ON
INFORMATION FORENSICS AND SECURITY and the IEEE TRANSACTIONS
ON COMMUNICATIONS.

Zhu Han (S’01-M’04-SM’09-F’14) received the
B.S. degree in electronic engineering from Tsinghua
University, Beijing, China, in 1997, and the M.S.
and Ph.D. degrees in electrical and computer engi-
neering from the University of Maryland at College
Park, College Park, MD, USA, in 1999 and 2003,
respectively.

From 2000 to 2002, he was a Research and
Development Engineer with JDSU, Germantown,
MD, USA. From 2003 to 2006, he was a Research
Associate with the University of Maryland. From
2006 to 2008, he was an Assistant Professor with Boise State University,
Boise, ID, USA. He is currently a John and Rebecca Moores Professor with
the Electrical and Computer Engineering Department, as well as with the
Computer Science Department, University of Houston, Houston, TX, USA,
and also with the Department of Computer Science and Engineering, Kyung
Hee University, Seoul, South Korea. He is also a Chair Professor with National
Chiao Tung University, Hsinchu, Taiwan. His current research interests include
wireless resource allocation and management, wireless communications and
networking, game theory, big data analysis, security, and smart grid.

Dr. Han was a recipient of the NSF Career Award in 2010, the Fred
W. Ellersick Prize of the IEEE Communication Society in 2011, the EURASIP
Best Paper Award of the Journal on Advances in Signal Processing in
2015, the IEEE Leonard G. Abraham Prize in the field of Communications
Systems (Best Paper Award in the IEEE JOURNAL ON SELECTED AREAS IN
COMMUNICATIONS) in 2016, and several Best Paper Awards of IEEE con-
ferences. He was an IEEE Communications Society Distinguished Lecturer
from 2015 to 2018. He has been a 1% highly cited researcher since 2017
according to the Web of Science.

Yuliang Tang (M’09) received the B.S. degree
from the Chongging University of Posts and
Telecommunications, Chongqing, China, in 1987,
the M.S. degree from the Beijing University of
Posts and Telecommunications, Beijing, China, in
1996, and the Ph.D. degree in communication engi-
neering from Xiamen University, Xiamen, China,
in 2009.

He is currently a Professor with the Department
of Communication Engineering, Xiamen University.
He has authored or coauthored over 90 papers in
refereed mainstream journals and reputed international conferences and has
been granted over ten patents. His current research interests include wireless
communication systems and vehicular ad hoc networks.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


