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Abstract—Location-aware communication is one of the en-
abling techniques for future 5G networks. It requires accurate
temporal and spatial channel estimation from multidimensional
data. Most of the existing channel estimation techniques assume
that the measurements are complete and noise is Gaussian.
While these approaches are brittle to corrupted or outlying
measurements, which are ubiquitous in real applications. To
address these issues, we develop a /,-norm minimization based
iteratively reweighted higher-order singular value decomposition
algorithm. It is robust to Gaussian as well as the impulsive noise
even when the measurement data is incomplete. Compared with
the state-of-the-art techniques, accurate estimation results are
achieved for the proposed approach.

I. INTRODUCTION

Location-aware communications are the promising tech-
nologies for 5G networks [1]. Extensive research has been
carried out to tackle the technical challenges. While accurate
temporal and spatial channel state information are critical to
fulfill these requirements and obtain the location information
[2]. Numerous channel estimation techniques have been de-
veloped, cf. [3], [4] for overviews. In the presence of white
Gaussian noise and complete measurements, optimum perfor-
mance is obtained for the maximum-likelihood (ML) estimator
[5]. However, the computational load is heavy due to the
multi-dimensional search. Statistically efficient strategies such
as method of direction estimation (MODE) [5] and iterative
quadratic ML (IQML) [6] algorithms have been proposed to
reduce the computational complexity. Alternatively, subspace
method achieves a good balance between complexity and
estimation accuracy. Representative subspace methods include
multiple signal classification (MUSIC) [7], estimation of signal
parameters via rotational invariance technique (ESPRIT) [8],
matrix pencil (MP) [9], MODE and principal-singular-vector
utilization for modal analysis (PUMA) [10].

Massive MIMO generates massive amounts of multidimen-
sional channel data with multiple aspects. It is convenient
and natural to represent the dominant multipath components
from MIMO channel measurements using tensors, because
they are inherently organized in R-D structure [11]. As an
emerging technology, tensors provide a natural and compact

representation for such massive multidimensional data via
suitable low-rank approximations. Instead of unfolding tensor
into matrices and using matrix factorization techniques, tensor
models preserve the multi-way structure of the data. Tensor
decomposition becomes a powerful technique to capture the
intrinsic multi-dimensional structure of the multi-way data.
Tucker [12] and CANDECOMP/PARAFAC [13] are two pop-
ular models for tensor decomposition. Tensor factorization has
emerged as an important method for information analysis [14],
[15]. With the development of tensor decomposition, subspace
methods are extended to their multi-dimensional variants such
as tensor-MUSIC [16], tensor-ESPRIT [14], unitary tensor
ESPRIT [14], tensor-MP [17], tensor-PUMA [18], tensor-
MODE [19], multi-dimensional folding (MDF) [20], or the
R-D rank reduction estimator (RARE) [11]. Two eigenvector-
based frequency estimators tensor eigenvector (TEV) and
its variant with forward-backward averaging (FB-TEV) are
proposed in [21].

In practice non-Gaussian noise is ubiquitous [22], such as
the impulsive noise [23]. The performance of the existing (-
norm minimization based subspace techniques may severely
degrade in presence of impulsive noise. To eliminate the
adverse effects, ¢;-norm minimization based robust model
fitting algorithms such as [24] can be used. Recently, /-
MUSIC is derived in [25] and its tensor version [26], which
adopts the ¢,-norm of the fitting error matrix or tensor as
the objective function to minimize. The underlying idea is
to transform the /,-norm minimization to an iterative /»-
norm minimization. Besides non-Gaussian noise, incomplete
measurements make the R-D channel estimation problem more
challenging. It might be caused by errors or faults in the
process of data transmission, or utilizing low cost irregu-
lar sampling schemes [27]. Robust multidimensional channel
estimation from incomplete and corrupted measurements is
critical and challenging [28], [29].

To address these challenges, in this paper, we focus on
robust R-D channel estimation for MIMO systems from in-
complete and corrupted measurements. Our contributions are
as follows:



e We first formulate robust multidimensional channel es-
timation as a tensor recovery problem. Our aim is to
recover the low rank component £, and error component
&y from complete or incomplete tensor measurements
X =L, + &, by optimization,

mip L] + A€l st X =L+E (D)

where A is a positive weighting parameter. Under this
framework, robustness to Gaussian noise is achieved
when p = 2 is adopted [30]. In the presence of outliers
or corrupted measurements, 0 < p < 2, can be utilized
[31]. Robust principal component analysis algorithm is
obtained by setting p = 1 [32]. Alternating direction
method of multipliers (ADMM) algorithms can be ap-
plied to solve (1) [33]. Tensor decomposition is applied
on L,, after obtaining the subspace, the existing subspace
algorithms can be utilized for channel estimation.

o We develop an incomplete iteratively reweighted HOSVD
(i-IR-HOSVD) algorithm for robust multidimensional
channel estimation from partial observation and in impul-
sive noise environments. Inspired by the tensor comple-
tion technique, the main idea is minimizing the £,-norm
of the residual error and recovering the low rank tensor
measurements at the same time. It can be applied for
robust higher-order tensor decomposition from corrupted
and incomplete measurements.

The remainder of this paper is organized as follows. In
Section II, the background introduction and problem for-
mulation are provided. In Section III, we present the i-IR-
HOSVD. Numerical examples are included to demonstrate the
effectiveness of the proposed algorithm in Section IV. Finally,
conclusions are drawn in Section V.

II. BACKGROUND AND PRELIMINARIES

Notation: We use (-), (-)* and (-)~! to denote Hermitian
transpose, complex conjugate and matrix inverse, respectively.
Nuclear norm and ¢,-norm are denoted as || - ||. and | - [|,,
respectively. The set of unitary matrices of size m X n
is denoted as O,,x,. In this paper, we follow the tensor
operations defined in [34]. The (i1, i2, - - - ,ig) entry of two R-
D tensors .A and B are denoted as a;, ;, ... i, and b;, iy .. ins
respectively. Scalar product of two tensors is defined as

<A,B >:ZZ..'Zb:11i27“',iRail’i27“"iR' (2)
71 2 R

[A](-) denotes the rth unfolding of A. T} € R/*/>x/

is a R-D tensor whose (j,7,---,j) entry equals one and

zero otherwise, j = 1,2,---,J. The product of a tensor

A € ChxI2xxIr and a matrix U € C/~*I* along the rth

dimension is denoted by A x, U, it is an (I3 x Iy X -+ X

Iy X JpxI.41 XX Ig)-tensor and the entries are defined
as

(A x, U),

21,02, e —15Jrstr41," " 5R

= E Wiy ig,ee s 1yigir gty iR Wi (3)
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The Frobenius norm of a tensor A is written as

lAllr =v< A A>. 4)
A. System Model

The entries of multipath channel measurement X are given
by

L R
Tony s, mmn = Z’yl(n) H e
=1 r=1
)
where m, =1,2,--- ,M,,r=1,2,--- ,R,n=1,2,---, N,
I =1,2,---,L and Vs, ms,.--,mp,n denotes the noise com-

ponent. The R and N denote the numbers of dimensions and
snapshots, respectively. Numbers of frequencies L is known.
wy; € (—m,m) are the unknown R-D channel parameters to
be estimated. 7;(n) denotes the complex amplitude of the /th
tone at the nth snapshot. The tensor dimension is R+1 together
with the snapshots.

According to (5), X can be written as

X ’@IEH X1 Ay X9 Ay Xgy1 Apya, (6)
where for r =1,2,--- | R,

A =la,1 an a, | € CMrxF )

. . : : T .
with a,; = [ejwv-,f ei2wr, s ej]\frwr)l] . while

ar+1,L] € CVE O (8)

with age1s = [n(1) n(2) n(N)]"

For MIMO systems with Np transmit and Npg receive
antennas, the steering vectors a(f, ¢) = a,.(0) ® a.;(p) are
functions of both the azimuth angle € and elevation angle . In
general, the frequency domain channel response of a MIMO
channel with N, paths can be described as

Agry1 = [ar+11 At

Np
H(t, f) =Y ope’>™ =" Dagp(0r ¢, or.o)ar (01,0, o1.0),

=1
)
where for each path /, it is described by direction of arrival
(OR,e, ¢ Rr,¢), direction of departure (67 ¢, pr,¢), delay 7o, com-
plex gain «, and Doppler shift v, [35].

B. Problem Formulation

Our target is estimating R-D channel parameters from com-
plete or incomplete noisy tensor measurements. For HOSVD,
it decomposes a given tensor X into a core tensor C multiplied
by a factor matrix U, along each mode r as follows:

xX=cx u, (10)

where C € C/1*72xxJr [ e CI**7/r and x, denotes the
mode-r tensor-matrix multiplication. Since .J, is in general
much smaller than I, the core tensor C can be though of as
a low rank version of X.



With complete measurements X, the higher-order orthog-
onality iteration (HOOI) algorithm [12] solves the following
Frobenius norm minimization problem,

. R 2
Icn,%l HC Xr=1 UT*X”F (11)
S.t. UTEO[TxJT, 71:]-,27"' ,Rv

where U,. has orthonormal columns for all J,.
Assuming that the measurements are incomplete, which is
denoted as M. Then iHOOI [36] algorithm is formulated as:

[Pa (€ /2y U, = M|,
S.t. UTEO[TXJT,T:].,Q,'“,R.

min
c,U (12)

where (2 is the observed entry index, Pq is a projection
operator that keeps the entries in €2 and zeros out others [37].

Recently, a /,-norm minimization based IR-HOSVD algo-
rithm is proposed in [26]. It solves the following optimization
problem,

. R p
min lCcxt, UT—XHP 03

st. U,e0Or.xy.,7r=12--- R,

where || - ||, denotes the element wise £,-norm. IR-HOSVD is
robust to the complete measurements with outliers. While it
can not handle the incomplete measurements. To address the
issue, incomplete IR-HOSVD (i-IR-HOSVD) is proposed.

III. PROPOSED INCOMPLETE IR-HOSVD METHOD

In this section, we consider robust R-D channel estimation
from incomplete measurements with impulsive noise. It is well
known that the /5-norm minimization based approaches such
as HOOI and iHOOI are not robust to the corrupt data with
outliers. Replacing the squared residuals by ¢,-norm is one of
the commonly used candidates to deal with the impulsive noise
[38] . For example, #1-norm minimization based algorithm has
been studied in [24].

Given incomplete measurement M, i-IR-HOSVD solves
the following £,-norm minimization problem,

. R P
%171[1]1 HPQ(C x'r‘:l U’_M)Hp (14)
s.t. U, € OITXJT

Introducing an auxiliary variable X', (14) is reformulated as

min [|C x[L, UT_XHP
SUX P (15)
st. Pa(X)="Po(M) and U, € Or, .
For r =1,2,--- , R, the £,-norm based objective function

is reformulated as
jr(XaPra Qr) = Hx[r] - PTQTHZ .

Instead of directly minimizing the £, quasi-norm, which
most likely ends up with one of its many local minimizers, re-
weighted ¢1/¢5 algorithms were proposed to solve a sequence
of smoothed subproblems [39], [40].

(16)

The residual error matrix of the rth dimension is defined as

AP = X[(Tl]c) —PRQP, (17)

with &(,kn) be the (m,n) entry . Its /,-norm minimiza-

tion problem can be expressed as an equivalent iteratively
reweighted Frobenius norm minimization problem,

g = ||W o 2, ~ W o (BRQW)[", s
2
where W,. is the weighting matrix, and its (m,n) entry is

defined as

(|5£k) + 6) (p_Q)/Q, if (m,n) € Q

0, if (m,n) ¢ Q

(19)

wif), =

where € > 0 being a regularization parameter to ensure that
wi, is well defined [41] and w0, = 1.
Let

G =wWW o xy,. (20)

Note that W,. is a function of P, and Q,. We cannot
immediately obtain the optimal solution by performing SVD
on G, only once. As the IR-HOSVD algorithm in [26], an
iterative procedure is adopted to solve the problem.

The global minimum of (18) is obtained via the truncated
SVD of GM [42]:

Gl =uWn® (V)" e
where UY) € CI"*/r contains the first .J, principal left
singular vectors of ng). The global optima of ng) and ng)
are given by [42]:

Pl — gk QU+ — 5 (Vﬁk)>H. (22)

With available U1 x(*k+1) ig recovered as

xR+ — Pa(M)
H
P <x<k> < U (U ) @)

where ()¢ is the absolute complement of (2.

The Algorithm is terminated if they reach the maximum
number of iterations [37]. If stopping criterion is satisfied,
then return ng) for r =1,2,---, R. The pseudocode of the
proposed i-IR-HOSVD algorithm is summarized in Algorithm
1.

After obtaining U&’“*” for all r, and X *+1) ESPRIT can
be used to estimate the R-D parameters.

A comparison of the introduced four algorithms is given in
Table 1. IR-HOSVD [26] is a special case of i-IR-HOSVD,
provided that the observation is complete. Meanwhile, iHOOI
[37] is obtained by specifying £,-norm to Frobenius norm.
Furthermore, HOOI [12] is obtained by setting £,-norm to
Frobenius norm and the data is complete.



Algorithm 1: Incomplete IR-HOSVD
Initialize Pq (X)) = Po(M)
for r =1,2, to R do
Initialize P!”, Q* and W)
end
for £ = 0,1, to max do
for r=1,2, to R do
Construct mode-r unfolding X[
Compute Agk) using (17).
Compute ng) using (19).
Update Psnkﬂ) and Q(rkﬂ) using (22).
end
Update X #+1) by (23).
if terminated then
| Return X*+1 and UK+,
end

k)

Tl

end

TABLE I
A COMPARISON OF TENSOR DECOMPOSITION AND COMPLETION METHODS

Complete Data
HOOI [12]
IR-HOSVD [26]

Incomplete Data
1HOOI [37]
i-IR-HOSVD

Frobenius norm
£p-norm

IV. SIMULATION RESULTS

We consider the following system setup. Base station is
equipped with a uniform rectangular array (URA) with (M7 x
M>) elements and mobile node is equipped with a uniform
linear array (ULA) with M3 elements. The coordinate of the
(mq,m2)-th and m3-th antenna elements are (%ml, 0, %mg)
and (%mg,0,0) in three dimensional Cartesian coordinate
systems, where \ is the wavelength of the carrier frequency.
The origin is the array reference point. Here we evaluate
the performance of the proposed approach in the presence of
impulsive noise and incomplete measurements. It is evaluated
in terms of the root mean square error (RMSE). For each
snapshot, the data set dimension is (16 x 16 x 16), that is,
My = My = M3 = 16, and N = 5 snapshots are collected.
The RMSE performance is obtained by averaging over all the
number of sources and 100 independent runs. Tensorlab is
used for tensor computations [43].

The three unknown channel parameters (0r, ¢r, ) are
(6°,17°,53°), (30°,53°,24°) and (37°,30°,12°). Generalized
Gaussian (GG) model is one of the widely used distributions,
that can well model the phenomenon in the presence of both
Gaussian thermal noise and outliers. As shown in Fig. 1, the
PDF of GG [44] in terms for different shape parameter [,
mean ;. = 0 and standard deviation o = 1. Impulsive noise
can be described by setting shape parameter to 1 < S < 2 and
Gaussian noise is obtained for 5 = 2. Here GG noise mode
is used to describe the impulsive noise. Sample ratio (SR)
is utilized to describe the data completeness. For example,
SR = 0.8 means that 20% of the entries are missing and

they are randomly chosen along all the dimensions with equal
probability. Channel estimation using complete measurements
(SR = 1) is chose as the benchmark to compared with.

The proposed i-IR-HOSVD algorithm is compared with
T-ESPRIT [14], TEV and TEV-FB [21]. Since T-ESPRIT,
TEV and TEV-FB are developed for complete measurements,
the missing measurements are assigened to zero. Maximum
number of iterations is 50. Fig. 2-4 show the RMSE results
versus signal-to-noise ratio (SNR) in the presence of GG noise
by considering different shape parameters 5 = 0.4, 5 =1 and
B = 1.6. For the proposed i-IR-HOSVD algorithm, p = 1 is
used. We observe that it outperforms the other three ¢5-norm
minimization based methods. Angles are estimated accurately
in the presence of impulsive noise and incomplete channel
measurements.

0.6 ;
——p=05
= B=1
0.5} B=1.54
B=2
B=10
204t
(%)
c
[
o
203
=
[
Qo
e
a 02
0.1r :' N ]
/:“ .~

Fig. 1. Probability density function of generalized Gaussian distribution with
different shape parameter 5.

- - T-ESPRIT
—e—TEV
—e— TEV-FB
—#&— i~IR-HOSVD|

5 10 15 20 25 30
SNR (dB)

Fig. 2. RMSE of angle versus SNR, data dimension is (16 X 16 X 16), number
of measurements N = 5, SR = 0.8 and 8 = 0.4.

V. CONCLUSION

We propose an i-IR-HOSVD algorithm for robust multi-
dimensional channel estimation from partial observation and
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Fig. 3. RMSE of angle versus SNR, data dimension is (16 X 16 X 16), number
of measurements N = 5, SR = 0.8 and 8 = 1.
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Fig. 4. RMSE of angle versus SNR, data dimension is (16 X 16 x 16), number
of measurements N = 5, SR = 0.8 and 8 = 1.6.

in impulsive noise environments. Inspired by the tensor com-
pletion technique, the key idea is to minimize the ¢,-norm
of the residual error instead of ¢5-norm and recover the low
rank tensor measurements at the same time. i-IR-HOSVD can
be applied for robust higher-order tensor decomposition from
crossly corrupted and incomplete measurements. It achieves
accurate channel estimation performance in impulsive noise
environments, even with incomplete measurements.

ACKNOWLEDGMENT

This work is sponsored by the State Key Laboratory of
Automotive Safety and Energy under Project No. KF1804 and
the European Union’s Horizon 2020 research and innovation
programme under the Marie Sklodowska-Curie grant agree-
ment No. 700044. It is partially supported by Science and
Technology Innovation Project of Shaanxi Province (Grant No.
2016KTZDGY04-01).

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

REFERENCES

E. Larsson, O. Edfors, F. Tufvesson, and T. Marzetta, “Massive MIMO
for next generation wireless systems,” IEEE Communications Magazine,
vol. 52, no. 2, pp. 186-195, 2014.

R. Shafin, L. Liu, J. Zhang, and Y.-C. Wu, “DoA estimation and capacity
analysis for 3-D millimeter wave massive-MIMO/FD-MIMO OFDM
systems,” IEEE Transactions on Wireless Communications, vol. 15,
no. 10, pp. 6963-6978, Oct. 2016.

X. Liu, N. D. Sidiropoulos, and T. Jiang, Space-Time Processing for
MIMO Communications. NY: Wiley, 2005, ch. 2. Multidimensional
harmonic retrieval with applications in MIMO wireless channel sound-
ing, pp. 41-75.

A. B. Gershman, M. Riibsamen, and M. Pesavento, “One-and two-
dimensional direction-of-arrival estimation: An overview of search-free
techniques,” Signal Processing, vol. 90, no. 5, pp. 1338-1349, 2010.

P. Stoica and K. Sharman, “Maximum likelihood methods for direction-
of-arrival estimation,” IEEE Transactions on Acoustics, Speech, and
Signal Processing, vol. 38, no. 7, pp. 1132-1143, Jul. 1990.

M. Clark and L. Scharf, “Two-dimensional modal analysis based on
maximum likelihood,” IEEE Transactions on Signal Processing, vol. 42,
no. 6, pp. 1443-1452, Jun. 1994.

R. Schmidt, “Multiple emitter location and signal parameter estimation,”
IEEE transactions on antennas and propagation, vol. 34, no. 3, pp. 276—
280, 1986.

M. Haardt and J. A. Nossek, “Unitary ESPRIT: How to obtain increased
estimation accuracy with a reduced computational burden,” IEEE Trans-
actions on Signal Processing, vol. 43, no. 5, pp. 1232-1242, May 1995.
Y. Hua and T. K. Sarkar, “Matrix pencil method for estimating pa-
rameters of exponentially damped/undamped sinusoids in noise,” IEEE
Transactions on Acoustics, Speech, and Signal Processing, vol. 38, no. 5,
pp. 814-824, May 1990.

H. C. So, F. K. W. Chan, W. H. Lau, and C.-F. Chan, “An efficient
approach for two-dimensional parameter estimation of a single-tone,”
IEEE Transactions on Signal Processing, vol. 58, no. 4, pp. 1999-2009,
Apr. 2010.

M. Pesavento, C. F. Mecklenbriauker, and J. F. Bohme, “Multidimen-
sional rank reduction estimator for parametric MIMO channel models,”
EURASIP Journal on Advances in Signal Processing, vol. 2004, no. 9,
pp. 1354-1363, 2004.

L. D. Lathauwer, B. D. Moor, and J. Vandewalle, “On the best rank-
1 and rank-(R1, Ra2, - - - , Ry) approximation of higher-order tensors,”
SIAM Journal on Matrix Analysis and Applications, vol. 21, no. 4, pp.
1324-1342, Jan. 2000.

A. H. Phan, P. Tichavsky, and A. Cichocki, “Tensor deflation for CAN-
DECOMP/PARAFAC — Part I: Alternating subspace update algorithm,”
IEEE Transactions on Signal Processing, vol. 63, no. 22, pp. 5924-5938,
Nov. 2015.

M. Haardt, F. Roemer, and G. Del Galdo, “Higher-order SVD-based
subspace estimation to improve the parameter estimation accuracy in
multidimensional harmonic retrieval problems,” IEEE Transactions on
Signal Processing, vol. 56, no. 7, pp. 3198-3213, Jul. 2008.

A. Cichocki, D. Mandic, L. D. Lathauwer, G. Zhou, Q. Zhao, C. Caiafa,
and H. A. PHAN, “Tensor decompositions for signal processing appli-
cations: From two-way to multiway component analysis,” IEEE Signal
Processing Magazine, vol. 32, no. 2, pp. 145-163, Mar. 2015.

M. Boizard, G. Ginolhac, F. Pascal, S. Miron, and P. Forster, “Numerical
performance of a tensor music algorithm based on hosvd for a mixture of
polarized sources,” in Signal Processing Conference (EUSIPCO), 2013
Proceedings of the 21st European. 1EEE, 2013, pp. 1-5.

F. Wen and W. P. Tay, “Tensor decomposition based R-dimensional
matrix pencil method,” in Proc. International Conference on Information
Fusion (FUSION), Singapore, Jul. 2012, pp. 1712-1717.

W. Sun and H. C. So, “Accurate and computationally efficient tensor-
based subspace approach for multidimensional harmonic retrieval,” IEEE
Transactions on Signal Processing, vol. 60, no. 10, pp. 5077-5088, Oct.
2012.

F. Wen and H. C. So, “Tensor-MODE for multi-dimensional harmonic
retrieval with coherent sources,” Signal Processing, vol. 108, no. 0, pp.
530 — 534, 2015.

J. Liu and X. Liu, “An eigenvector-based approach for multidimensional
frequency estimation with improved identifiability,” IEEE Transactions
on Signal Processing, vol. 54, no. 12, pp. 4543-4556, Dec. 2006.



[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

W. Sun, H. C. So, F. K. W. Chan, and L. Huang, “Tensor approach for
eigenvector-based multi-dimensional harmonic retrieval,” IEEE Trans-
actions on Signal Processing, vol. 61, no. 13, pp. 3378-3388, Jul. 2013.
A. Zoubir, V. Koivunen, Y. Chakhchoukh, and M. Muma, “Robust
estimation in signal processing: A tutorial-style treatment of fundamental
concepts,” IEEE Signal Processing Magazine, vol. 29, no. 4, pp. 61-80,
Jul. 2012.

B. Weng and K. Barner, “Nonlinear system identification in impulsive
environments,” IEEE Transactions on Signal Processing, vol. 53, no. 7,
pp- 2588-2594, Jul. 2005.

S. Vorobyov, Y. Rong, N. Sidiropoulos, and A. Gershman, “Robust
iterative fitting of multilinear models,” /IEEE Transactions on Signal
Processing, vol. 53, no. 8, pp. 2678-2689, Aug. 2005.

W.-J. Zeng, H. C. So, and L. Huang, “¢;,-MUSIC: Robust direction-of-
arrival estimator for impulsive noise environments,” /EEE Transactions
on Signal Processing, vol. 61, no. 17, pp. 4296-4308, Sep. 2013.

F. Wen and H. C. So, “Robust multi-dimensional harmonic retrieval
using iteratively reweighted HOSVD,” IEEE Signal Processing Letters,
vol. 22, no. 12, pp. 2464-2468, Dec. 2015.

E. Acar, D. M. Dunlavy, T. G. Kolda, and M. Mgrup, “Scalable
tensor factorizations for incomplete data,” Chemometrics and Intelligent
Laboratory Systems, vol. 106, no. 1, pp. 41-56, 2011.

M. Filipovi¢ and A. Juki¢, “Tucker factorization with missing data with
application to low-n-rank tensor completion,” Multidimensional Systems
and Signal Processing, vol. 26, no. 3, pp. 677-692, 2015.

L. Yang, J. Fang, H. Li, and B. Zeng, “An iterative reweighted method
for tucker decomposition of incomplete tensors,” IEEE Transactions on
Signal Processing, vol. 64, no. 18, pp. 4817-4829, Sep. 2016.

J. Wright, A. Ganesh, S. Rao, Y. Peng, and Y. Ma, “Robust principal
component analysis: Exact recovery of corrupted low-rank matrices via
convex optimization,” in Advances in neural information processing
systems, 2009, pp. 2080-2088.

R. Gonin and A. H. Money, Nonlinear Lp-norm Estimation. New York,
NY, USA: Marcel Dekker, Inc., 1989.

C. Lu, J. Feng, Y. Chen, W. Liu, Z. Lin, and S. Yan, “Tensor robust
principal component analysis: Exact recovery of corrupted low-rank
tensors via convex optimization,” in Proceedings of the IEEE Conference
on Computer Vision and Pattern Recognition, 2016, pp. 5249-5257.

S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eckstein, “Distributed
optimization and statistical learning via the alternating direction method
of multipliers,” Foundations and Trends®) in Machine Learning, vol. 3,
no. 1, pp. 1-122, 2011.

L. De Lathauwer, B. D. Moor, and J. Vandewalle, “A multilinear
singular value decomposition,” SIAM Journal on Matrix Analysis and
Applications, vol. 21, no. 4, pp. 1253-1278, 2000.

R. W. Heath, N. Gonzalez-Prelcic, S. Rangan, W. Roh, and A. M.
Sayeed, “An overview of signal processing techniques for millimeter
wave MIMO systems,” IEEE Journal of Selected Topics in Signal
Processing, vol. 10, no. 3, pp. 436—453, Apr. 2016.

F. Wen and Y. Xu, “HOSVD based multidimensional parameter estima-
tion for massive MIMO system from incomplete channel measurements,”
Multidimensional Systems and Signal Processing, pp. 1-13, 2017.

Y. Xu, “Fast algorithms for higher-order singular value decomposition
from incomplete data,” Journal of Computational Mathematics, vol. 35,
no. 4, pp. 395-420, 2017.

P. J. Huber and E. M. Ronchetti, Robust Statistics, 2nd ed. NY: Wiley,
2009.

E. J. Candes, M. B. Wakin, and S. P. Boyd, “Enhancing sparsity by
reweighted ¢1 minimization,” Journal of Fourier analysis and applica-
tions, vol. 14, no. 5-6, pp. 877-905, 2008.

R. Chartrand and W. Yin, “Iteratively reweighted algorithms for com-
pressive sensing,” in Proc. IEEE International Conference on Acoustics,
Speech and Signal Processing. 1EEE, 2008, pp. 3869-3872.

X. Chen and W. Zhou, “Convergence of the reweighted ¢1 minimization
algorithm for ¢2-£, minimization,” Computational Optimization and
Applications, vol. 59, no. 1-2, pp. 47-61, Oct. 2014.

G. H. Golub and C. F. Van Loan, Matrix Computations, 4th ed.
Baltimore, MD, USA: Johns Hopkins University Press, 2012.

N. Vervliet, O. Debals, L. Sorber, M. Van Barel, and L. De Lathauwer,
Tensorlab 3.0, Mar. 2016. [Online]. Available: http://www.tensorlab.net
M. Novey, T. Adali, and A. Roy, “A complex generalized Gaus-
sian distribution— Characterization, generation, and estimation,” /EEE
Transactions on Signal Processing, vol. 58, no. 3, pp. 1427-1433, Mar.
2010.



