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ABSTRACT
In this paper we propose tensor-based methods for parameter estimations in bistatic MIMO radar. We first present
the basic MIMO radar system parameters including the array steering matrix at the reception and the transmission,
the fading coefficients matrix, the symbol matrix and the delay propagation matrix and second the useful PARAFAC
models. Different approaches of modelisation are detailed considering instant or convolutive channel processing
with raw and statistical data. Our proposed algorithm is based on the knowledge of a coding matrix using Khatri-
Rao products at the transmission. Using nested-PARAFAC model, two stages of alternating least squares algorithm
allow us to estimate with accuracy all of the transmission parameters: DoA, DoD, fading coefficients and
transmitted symbols. Several criteria such as RMSE, PSD, NMSE and SER are tested in the simulation section,
where we can see that tensor-based methods provide efficiency due to the fact that they can take into account
different kinds of diversity simultaneously.

Keywords : Nested-PARAFAC, Khatri-Rao product, MIMO radar, ALS, estimation.

1. INTRODUCTION

Parameter estimation in wireless communication systems has caught great attention recently. Estimating the
transmitted information with the right parameter of transmission is crucial in fields of radar. In [1],[2] and [3]-[5],
classical methods based on eigenspace algorithms like multiple signal classification (MUSIC) and signal parameters
via rotational invariance techniques (ESPRIT) are used to estimate the DoD (direction of departure) and DoA
(direction of arrival). In [6], the pionner work of source separation with PARAFAC models [7] has been proposed.
Then appeared several papers on channel estimation [8]-[11], spatial signature estimation [12]-[16] and parameter
estimation [17]-[20].

The main advantage with tensor modelisation lies in the fact that several diversities can be taken into account
simultaneously. Effectively, the basic operations as Kronecker and Khatri-Rao product allows us to estimate the
parameters of transmission only up to permutation and scale ambiguity factor under Kruskal condition [21].
Minimum a priori information helps remove those ambiguities.

Throughout this paper, we propose a new PARAFAC-based approach to estimate the information and the
parameters of transmission. Nested-PARAFAC decomposition [22] is used to model the received signal. At the
transmitter, we assume a known coding matrix applied to the symbol matrix via Khatri-Rao product. At the receiver,
the transmitted symbols, the fading coefficients, the DoD and DoA are estimated from the received signals. To deal
with, we apply double alternating least squares (ALS) algorithm.

The rest of this paper is organized as follow. Section 2 provides us the basic MIMO radar system parameters
including the array steering matrix at the reception and the transmission, the fading coefficients matrix, the sycmbol
matrix and the delay propagation matrix. The useful tensor deompositions are discussed in Section 3. Section 4
details us the system model considering instant or convolutive channel processing with raw and statistical data.
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Section 5 presents the system model using a coding matrix with Khatri-Rao product and the proposed algorithm.
Numercal simulation results are given in Section 6 before we conclude in Section 7.

2. MIMO radar system parameters

Before modeling the received signals and proposing algorithms of estimation of the transmission paramaters, let’s
first see, in this section, the different matrix systems which are taken into account in the tensorial modeling of a
radar MIMO system. Those parameters are the factor matrices to estimate from the received signals. In other words,
they are the spatial signature containing the angles of departure and of arrival, the Radar Cross Section (RCS)
coefficients and the delay propagation matrix linked with the memory of the transmission channel.

2.1 Receiver array steering matrix

The We suppose narrowband planar waveforms impinging on a sensor array which is used as a receiver array in a

radar MIMO system. The number of temporal samples Nis grater than the number of elements Mz in the receiver
array, which is itself greater than the number of targets :

N = My =1L

Thus, the signals from each target can be written as :

(01)

s(n) = g—fun

For a uniform linear array (ULA), the first element in the array receiver is used as reference for modeling the
recieved signal, is illustrated on Fig. 1.
One can write :

x, = s{n) = "
%, = sl 4 1) =g~ /on+TY — gjon —jaT 02
%g =s(n 4 27)) = g @M+IT0 = gmiWn o—J02T) 02)
X p = S':J"I. + ':ﬂ'fg = 'J.:]TI':] = g—j'u.l|r!+| My —1j7[] — g—_i'u.li’!g—_i'u.ll Mp—L1T}

X g

Fig. 1 Illustration of the angle of arrival
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So we can obtain the vectorized form of the received signals :

x(n) = a® (1;)s(n) (03)

With

. . . T
[BI{+y = [ - Ty =JwWZT) .. - Jjiu [ Mg=-17p |~ i M = . .
a®(m) = [Le e e I'ec . As “TI = Hijs the spatial frequency, we can deduce the

expression of the steering vector at the recption such as :

HIR I{TI_:] — [J_I g_.i..u". g__i.:'ul'u"' Ig—_i-l Mp—=110} ]T (04)
Where
, r__d_r_dsfr!'ﬂll
pr= W = 20fT guee T T ¢ . Thus, we have the following relations :
pppdsint@) 1
= _rrfT = _HI 3 sinl g
u; = wsinkg )

The expression of the steering vector at the reception for the L th target according to the angle of arrival B is given
by :

a?lig) = ['J.. gdmsinl8p) —jrsinlfp) ., -—JiMg—Lisinify ]T
(05)

And the steering matrix of the L targets in accordance with the receiver array is given by :
AIRI{E] — [ﬂml{ELl ﬂlﬂl{gz ] Iﬂlﬂ I{EL] ] = C.‘»!’,.-x..‘., (06)

2.2 Transmitter array steering matrix

By analogy with the former paragraph, let now ! indicates the direction of departure of the Lth target in
accordance with the transmit array.

The expression of the steering vector at the transmission for the Lth target according to the angle of departure ¥1 is
as:

ﬂITI{("DI-:I — [J.- g_-i-'-:sl.ﬂlwllln. . g_-i.l MH—Ll.SI-i’!lp“ ]T (07)

And the steering matrix of the L targets in accordance with the transmit array is given by :
A.T.{@] — [u'T'{@L].a'T'{cp:].---.a'T'{ch]] £ [Mr=L (08)
2.3 Fading coefficients matrix

Assuming T transmission blocks at each ™7 -th transmit antenna, the fading coefficients from the L targets may be
gathered in a matrix such as :

By Bis Bz
W= _3::1 3 .32:, e it (09)

Bis Biz ™ Bi
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2.4 Delay propagation matrix
In the presence of a convolutive transmission channel, the transission system takes into account the memory of the
channel, which are translated by the delay propagation. If the finite support fini of the impulse response of the

channe lis equal to K period symbols and that there are L targets in the area of interset, then the propagation delay
matrix is given by :

Giz) = [glz) glz,) -~ gl )]l e CF (10)

With generally i
9 =lgt-m)gT - 7). .g(( - DT —7) | € * and T is the sampling period.

2.5 Symbols matrix

Let’s suppose a transmission composed by T transmission blocks and that each transmit antenna of a radar system
has a training sequency formed by 5 symbols known at the reception :

e ¥ (171)

sli, 1)
s(i) = [ ; ]
s(i, N)

Thus the training sequency transitted by the Mz transit antennas can be written as :

: 12
§ = [s(1), -, s( M)] € CV% (12)
3. Useful Tensor Decompositions
3.1 PARAFAC decomposition

i X eCIE i :
A third-order tensor = can be represneted under its scalar form as :

R
Xife = Z Qi '[J_i'rckr (13)

r=1

Where

iR R CRXR L.
AeC , BeC/ , CeC™™ are the factor matrices and © is the tensor rank. A PARAFAC decomposition can also be
written as a mode-n product such as:

X=3;px Ax. Bx, C

Where 722 is an identity matrix of ordre-3 and dimension R The corresponding 1-mode, 2-mode and 3-mode
unfoldings representations are given by :

Xpge = AB O CF
Xy = BICC A (14)
Xej=CACB)

Figure 1 provides an illustration of the PARAFAC decomposition of a third-order tensor with rank R a5 a sum of
outer products involving the columns of the corresponding factor matrices.
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Fig. 1 Hlustration of a PARAFAC as a sum of outer products

The unique estimation of the factor matrices by means of Alternating Least Squares (ALS) algorithm, up to
permutation and factor scale ambiguity such as:

A=AA0 (15)

Where 44 isa diagonal scalar factor and Iisa permutation matrix of order- i

Each iteration is composed by three steps and in each step, a factor matrix will be estimated although the two others
will be fixed at their former values. The ALS algorithm is represented in Table 1. The convergence in an ALS
10 —&
algorithm depends on the NMSE criteria, where the error of estimation should be inferior or equal to 107%.

Table 1. ALS algorithm for a third-order tensor

ifort=0 _ .
: Initialize B (F = 0) ang € (£ =10)
ifort=t+1 ~
: Obtain an estimation of 4 via the expression of Xrsp
(81 = X ((Bie-10 Te-1))7)
: Obtain an estimation of B via the expression of Xyt
(©)= Xa((Ec-1 o A )
: Obtain an estimation of ¢ via the expression of X
() = Ny ((Al6) © E('r;.]fjf

7 : Repeat the steps 3-6 until convergence

[ T2 . O1 A~ P

3.2 Nested-PARAFAC decomposition

[m} Il A
B & T i a PARAFAC model is

B(1) is the mode-1 unfolding of a

The nested — PARAFAC decomposition assumes that the " —th factor matrix

L iy =L
an unfolding of an additionnal PARAFAC decomposition. So, if B e Ch
tensor of order-3

T e Ch=iz®h (16)
then,
Blll = [y]lll (17)
Where
=1
and
Jolz=1L .
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The nested — PARAFAC decomposition of a tensor of order-3 X s given by the relations :

X =133, %, Yy, %, B¥ x; B
(18)

ayz ngdelll }‘:: AI:IXE AIEI

The first equation is the external PARAFAC model and the second one is the internal PARAFAC model with factor

matrices {AILI'AI:I"“I!I]. The estimation of the factor matrices in a nested — PARAFAC model can be achived
through two successive ALS. The first stage consists of estiamting th e factor matrices in the external PARAFAC

and the second is performed by means of the estimation of the unfolding of the tensor Y obtained previously.
The details of an ALS — Nested — PARAFAC are presented in Table 2.

Table 2. ALS — Nested — PARAFAC algorithm

First stage
1:fort=0
Bl 2lre A gl 3re _ A
2 : Initialize B 1t=0lgng B (=101
3:fort=t+1
i , - B . - X1y
4 : Obtain an estimation of via the expression of
P T Coall = 4 1T - a (2. » T
B'WTiey = (B e — 1008 (t—1)) [X]y,
5 : Obtain an estimation of B~ via the expression of Xz,
o | 2IT Coall = 4 1T - Cgll | [} R t
B 5Tty = (B ¥t - 1)oB Y1)} [X]y
6 : Obtain an estimation of &~ via the expression of [Xli3)
= ar Call i) PO =l | I A t
B9 = (B Yol Ye)) [x],
7 : Repeat the steps 3-6 until convergence
Second stage -
8 : Reconstruct the tensor ¥ from £~ = (Y1
9:fort=0
A2 e _ A A I3hre _ A
10 : Initialized (£ =0) gpg A TLE=0)
11:fort=t+1
_ ] o A0 - Wy
12 : Obtain an estimation of via the expression of
T T 3 131 Ll el I - t
AW = (A% - 1ed - 1) W]y
3 h q . E':' . i ['y]lm
13 : Obtain an estimation of via the expression of

a L21T 2 13 ) A Ll ey t
AT = (A%e-1edY(n)) Wy
. . . . Al H ['y]llil
14 : Obtain an estimation of via the expression of
3 31T

DA +
A% = (AP ed V) Wl

15 : Repeat the steps 9-14 until convergence

4. System Model

Suppose a system with Mz antennas at the transmission and ™2 antennas at the reception. We assume that the

channel between the transmitter and the receiver may be regarded as the superposition of L paths. At one path is

a-

associated a scatterer, which defines an angle of arrival ~! in accordance with the receive array and an angle of

departure 1 in accordance with the transmit array. One transmission is composed by T blocs and the amplitude
fading is assumed to be constant over a transmission data bloc but vary between two blocs. The long-term
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g

parameters I and 1 are constant over an entire transmission. The transmitter antenna has a training sequence of

N symbols known at the reception, such as:

‘= H e o ()

4.1 MIMO radar with instant channel
The training sequency is used through the I transmission blocks de transmissions, i.e :
g;=s¥i=1,-.1

My

The training sequency matrix transitted by the antennas is given by:

= [s(1), . s( M )] e CV= ™ (20)

Nz M,

where Mr The vectors of the training sequency are linearly independent.

4.1.1 Processing through raw data

The impulse response of the channel between the "T—th transmit antenna and the "™#—th receive antenna for the -
th transmission bloc is given by:

L

e = aniﬂfliﬂfli (21)
Ly Lol gl

=1

h

Which can be viewed as the scalar component of the PARAFAC model of the channel tensor of order-3
i e Mgy v M L&l ITY,
H e T ith the parameters (B4 A7),

The ™ -th signal received by the ""*#—th antenna during the ¥ _th transmission bloc is given by:

et ZZ R 22)

me=1 =1

The matrix model of the channel is given by:
[ (YT T 23
H,_ = [a®diag®)]aTT e Mt (23)

And the matrix model of the received can be written as:

|1':|1' T E |‘,:-1"Jn'>‘-1"l

x, = H S = [a% diag(B)]4

(24)
x, = [4% diagB)]

with
€=54"" et
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Thus, the matrices empiling I blocks of H; and ! blocks of X; can be respectively interpreted as the ' _th matrix
slices of the channel and received signal tensors. We then have :

H, '”dng{s (nr A”dng{s ) -
= AT (25)
H, A~""-3'dmg(3 )4 A F}n’tng{ﬂ
— (1Y 4 (TiT 26
Hypyem, = (B -4 }A (#0)
And
(27)

X, (B oA ™)

Juix"._

X e i My N

Kooty v corresponds to the unfolding of the received signal tensor of order-3 which follows a

1zl .
PARAFAC decomposition with the parameters (B.AT.CL)

The two other unfolding representations are :

X, v = (AP oc)B

I h..".)u ( ) (28)
By = (€0 B) A

We can use the ALS to estimate the matrices B, A and €. Then from the expression

HITI

€=54"" one can obtain

by the least square criteria if 5 is full column rank, which means N =My .

the estimation of the matrix
AT = st

. i . AR B. . .C
Unigueness and identifiability conditions. As the matrix has a Vandermonde structure and = and ™~ are random

ki + kg + kg = 2L + 2

matrices, they are full rank. The Kruskal condition is defined by or

min(Mg, L) + min(LL) + min(K.L) 220+2 |1 oy o0 =S4T oo n(€) = A™) ecause S is also
LD LR}

full rank. The Vandermonde structure in & allows us to suppress the scale factor in . And we can deduce the

matrix permutation -+

Nl 1L (®) M %l
As we estimate the matrices € € &'~ BEC7" gpg A" € TF ™
Mg 2L, MgN=L g IN =1

by means of an ALS algorithm, we should have

so that we can perform the pseudo-inverses. The main cost of the algorithm
O(L2(NT + NMg + IMg))

O(My Lmin (Mg, L))

corresponds to the cost of the calculus of the SVD to find the pseudo- mverses glven by

AT M L
per iteration, plus tthe complexity of an additional SVD of the matrix AT e of order
N2z §tC

where we should have ¥ = M7 g perform

Table 3. Algorithm for MIMO radar with instant channel processing through raw data

e (B <A™ )T

. . C B LAl . X; X .
2 : By the ALS algorithm, obtain €, % and @™ from the expressions of * 1M AMaixt gp ANy
ALR)
3 : By the least sqaures criteria 4

4.1.2 Processing through statistical data

The covariance matrix of the received signals can be written as:
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— H
RMH My — XMH wN XM;.E N

(29)
H
Riypgy angy = (Bea™)c,(Boa'®)
Where C_w‘ =CTC' =G58G et
= B o riMg=L
Let’s define the matrix Z as Z {B c4 }Cﬁ gL _Then one can have :
(30)

Rf-‘!'.-: WMy — E{B e A'RI-}T

R e E}M,-_g WMy

Which corresponds to the unfolding representation of a third-order tensor with the parameters

w (&)=, ) .
(Z.B.A7"L) The two others unfolding representations are:

T TR, o
Byogm, = B (*‘1 ‘93)
(1)
_ alBlrpe T
Ry .un,= 47 (B o)
fe : . e £, AT B
By means of the ALS algorithm, it is possible to estimate the factor matrices \
Unigueness and identifiability conditions. The condition of Kruskal defined by g feg g =21 + 2 is now

= = = — - . LA R
min(Mg, L)+ min(L, L} + min{J + Mz —LL) 22L +2 ¢ ihe matrices 4 (with Vandermonde
£ £= {Bﬁﬂlﬂl}f_\. so P Z) = J"{BG;"[IRI C,
AR

equivalent to

) because is

AR

structure), B (random) et = are full rank. In fact, for

also full rank. The Vandermonde structure in the matrix helps delete the scale factor in . Thus we can

deduce the permutation matrix n

— [(p o qR =
Through the expression z= {B ] }C,\-, we can obtain the estimation of the matrix &5 by the least squares

criteria, SO we can write:

&= (Bod™)'Z (32)
i IMg =L
After obtaining an estimation of the matrix c-‘*', we shall estimate the matrix & as follow. Define
Cs = GTR-\'G-Where R, =§'s" e 8% is the transmitted signals covariance matrix. Thus we have the relation :
C;, = DR.D¥
With D = AT g gLy

DA P e

We can have an estimation of the matrix . The elements "™ of the matrix will be the values

of the power of the T —th source in the ©_th tramsission bloc.
Uniqueness and identifiability conditions. We estimate the matrices ,

ALS algorithm, where the condition Mz 2L ghould be satisfied to process with the pseudo — inverses. So the main
cost of the corresponding algorithm is equal to the cost of the calculus of the SVD for the three pseudo — inverses,
(L2 (PMg + IMZ + IMg))

T Mg TxL LRl el g il
ZELT I":x""B'E"-:Xandi"l E"-:":x""bythe

given by per iteration, plus the complexity of an additional SVD of the matrix
C; e Ct of order 9(53]_

The resolution of the equation C; = DRD" includes an estimation of the matrices D € CEMr,P € C7F by
means of an ALS where IL = My et Lz Mz Thus we should also take into account the cost of the calculus of the

OM:2(2IL + L))

SVD to find the other three pseudo — inverses in the second ALS, given by per iteration.
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Table 4. Algorithm for MIMO radar with instant channel processing through statistical data

— i
RM.-.-X.."I.-.- - XJ‘M;,-XN XIM,-rx..‘.f

—_ i)
 Define £ = (B o 4)c,
FLA P P P 2 Ty
: By the ALS algorithm, obtam z B et4" from the expressions of R‘”"}“”", Rusangings g Rutgotinn
: .= (Boa®)'z
: Obtain by the LS criteria

: By the resolution of the equation €5 = DRs D¥ obtain P
- Obtain 27 from the two conjugate expressions
: Obtenir @~ par larelation =4

~N o o~ W N P

4.2 MIMO radar with convolutive channel
We suppose now the presence of a relative delay propagation *! for the t -th way, which is constant over I

transmission blocks. The finite support of the channel impulse response is equal to = period symbols. The impulse
response matrix with delay is given by :

Glz) = [glz,) - gls )] e CE* (33)
The matrix of the training sequence transmitted by the tranmsit antenna is such as:
= [s(1), -, s(K)] g CV=EM (34)

4.2.1 Processing through raw data

The impulse response of the k —th tap of the channel between the ""'T-th transmit antenna and the "*2-th receive
antenna for the *-th transmission bloc is given by:

|H| |“'|
'rzl'ﬂ'.,-.gﬂ'.-jn Z e Mgl r1]| i (35)

Which can be viewed as the scalar component of the PARAFAC model of the channel tensor of order-4

i e Mgy v M (5] ITI
H e T ith parameters (B4 A7 L GiL)

The ™ —th received signal by the ""&-th receiver antenna de for the ©_th transmission bloc is given by:

mr=1 (36)
My

L
_ |R| [T
'rl'i"l'.,-_gr'!_ [0 r1|_.| ﬂ]hghlsi"'hﬂ]

The matrix model of the channel, by fixing the fisrt and the last dimension of the channel tensor may be written as :

H; = bygy  A® ATT e CHRHM (37)
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H, ;= A diag(B;)diag (G;)AT" (38)

Empiling the blocks of H: % one can obtain :
Hipgpeney = (Boa™)w? (39)

Where W =6 ¢ AT g CFMr=t
The corresponding matrix representation of the received signal is :

(40)
Xing s = Hrngy oy 5T = {B o A'R'}C‘!
with € = SW € €%

I My =N
Which corresponds to the unfolding representation of a third-order tensor X € T M
{B.Alﬂl.f; I_:]

with the parameters
. The two others unfoldings representation are:

Kyt = (4™ oc)8" (41)

Xyt = (€0 B) 't

By means of the ALS algorithm, it is possible to estimate the factor matrices

o ARl & _ Tl
B.AT.C a¢ IastLas W=6<4a

we can use the LS-KRP algorithm described in section ... in order to estimate the factor matrices Gang 4

(4]
Uniqueness and identifiability conditions. Knowing that the matrices A (with VVandermonde structure), B ang €
fegies + kip + kp = 2L 42

riC) = r(W)
AR

(random) are full rank, the condition of Kruskal defined by
min(Mg, L)+ min(L L)+ min(K. L) = 2L+ 2 C=35W

is equivalent to

5

, thus because = is also full

helps delete the scale factor in

. In fact, as

[ 1
rank. The VVandermonde structure in the matrice < . So, one can deduce the

IT'in the estimations. Then through the espression of C, we can obtain the estimation of the

_ &t .
matrix by the least squares criteria: W= st where ¥ = &

ML =l LR M
As we estimate the matrices € &7 BE L7 gpqd ™ e L7
Mg 2L MgN=L g IN 2L

permutation matrix

1 by means of an ALS algorithm, we should have

so that we can perform the pseudo-inverses. The main cost of the algorithm

corresponds to the cost of the calculus of the SVD to find the pseudo-inverses, given by O(L* (NI + NMg + IMg))

Ryl

per iteration, plus tthe complexity of an additional SVD of the matrix Wec of order
; : tF

O(K My L min(KMr. L)) where we should have N = KMy to perform S™C. And the cost of the LS KRP algorithm to

estimate & and 4" is given by @ HMr L),

Table 5. Algorithm for MIMO radar with convolutive channel processing through raw data

b = I:B < AIRI:ICT

i

e -

- LR o a3 M
: By the ALS algorithm, obtain € B andd" through the expressions of X"""rfr”, Xntavt gng Xt
- Otain W by the least squares criteria
= FITI _ (Tl
: By the LS-KRP algorithm, obtain Gand A" from relation W =6 4

A W N
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4.2.2 Processing through statistical data

The covariance matrix of the received signals can be written as:

_ H
Ry, = Xiagow X
(42)
_ () (M
By in,, = (Boa'™)c(Boa™)
_ T _ (T T o (T _ oLlxl T _ (Y _ olxim
= = o o C 2 =C.lB<A e R
Where C;=0C¢C (Ged™)SSeear) e . Let’s define 5[ ) , then we
can write:
(43)

Ry, = (BoA™)Z

Tl ple

R = Cf}&"‘f.‘.ﬂ #IM g

Which corresponds to the unfolding representation of a third-order tensor with the parameters

LR . E .
(B.A™.Z: L) The two others unfoldings representation are:
it LRl T
Rigioge: = (A% 0Z) B @)
Ry, rom, = (E<B)ART
o . . . B AR F
By means of the ALS algorithm, it is possible to estimate the factor matrices .
Uniqueness and identifiability conditions. The condition of Kruskal defined by kgim + kg + ky 2 2L +2 is now

5 5 3 Ay i - L/ 3

min(Mg, L)} + min{L L)+ min(J+ My, —1,L) =2L 42 3 the matrices 4~ (with Vandermonde
T I mye

7= c(Boa™) wz)= o(Boa®) c

A" i

equivalent to

z because ~* is

structure), B (random) et = are full rank. In fact, for

) ]
also full rank. The Vandermonde structure in the matrix helps delete the scale factor in . Thus we can

deduce the permutation matrix a4

T ( H
2" = ¢;(Boa™) _ L 5
Through the expression , We can obtain the estimation of the matrix ~* by the least squares

criteria, SO we can write:

- — P ~ 71t (45)
6, =27 [(B 0 A'™") ]
i L= IMg
After obtaining an estimation of the matrix C-“', we shall estimate the matrix w as follow. Define
—_ T * — gl ¢* KM =M
C; = WTRW where B =575’ e CRMrEN is the transmitted signals covariance matrix. Thus we have the
relation :

€, = DR,D¥ (46)

With D = W7T g CieEMr

— T S i I M i
We then can have an estimation of the matrix 2 = WT. The elements " “*™r of the matrix £ £ C " will be the

. B _ [Tl
values of the power of the K _th channel coefficient in the '-th tramsission block. At last, as W=6<4 , We can

[Tl

use the LS-KRP algorithm described in section ... in order to estimate the factor matrices Gand 4
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Table 6. Algorithm for MIMO radar with convolutive channel processing through statistical data

1: RIMr,x..‘Mrr = X;:-;rrrm X;:-;r,rx.vﬂ
-
_Z7= ¢s(Boa?)
2 : Define

. 7B Gy . Rone ine. Bus oneor o Rone s
- By the ALS algorithm, obtain £ , B and 4~ from the expressions of " MwxiMe SMalM g TIMAl Mg

- ar Tree o =TT
: Obtain &= % [(B* oA ]

4
5 : By the resolution of the equation

6: Obtain E:':"by the two conjugate expressions
; T

8

w

by the least squares criteria
Cs= DRsD optain D

: Obtain & via the relation 2 =W" )
- By the LS-KRP algorithm, obtain @ and 4~ from relation W =6 < 4

[Tl

56 - = My L 1L (= Mg el
Unigueness and identifiability conditions. We estimate the matrices Z € =+, BEC™ g A7 € L™ py the

ALS algorithm, where the condition Mz =L ghould be satisfied to process with the pseudo — inverses. So the main
cost of the corresponding algorithm is equal to the cost of the calculus of the SVD for the three pseudo — inverses,
(L2 (PMg + IMZ + IM.))
3
of order 9L,
: ion €, = DR,D* P :

The resolution of the equation “= A includes an estimation of the matrices
means of an ALS where /& = KMz gt L= = KMy 75 we should also take into account the cost of the calculus of
the SVD to find the other three pseudo — inverses in the second ALS, given by O(R=M; (2IL + L7))

And the cost of the LS KRP algorithm to estimate Candd " is given by Lit L

given by per iteration, plus the complexity of an additional SVD of the matrix

E.-,- e [Lxk

LM i KMy
Detd P e by

per iteration.

5. System model with coding matrix

M and Mz elements at the transmission and the reception.

M,

Assume a radar MIMO system with respectively

5= [S‘L.....S‘MJ B cEE

is th ematrix of packets of symbols multiplexed on the Mz transmit antennas.

Assuming that the system is multipath, we suppose that L is the number of scatterers which corresponds to the
number of paths or targets between each transit and receive antenna.
The receiver array matrix is given by :

: (47)
A =la(6,). ... a(f,)] € CMk=L
with
H{Ei] = []-. g—j'?:'.?l'i'! |ﬂr|““ . g__i.-:IMH—LISIIi’!IErI]T e |":M.-' (48)
And the transmit array matrix is (5.11)
: (49)
B = [b(g,).... b(p;)] € CMrt
with
(50)

b':tiﬁ':] — ['J.. gmimsinign o —jw(My —L|3|'r!|;~Jr|]T e oM
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Thus, ¥ and %1 are respectively the direction of departure and of arrival of the Lth path. We always assume that a
transmission is composed by T blocks. If the vector of fading coefficients of the signal is such as

T

_ Qi Qi oL
wi=[8."..8"] ec , then the signal fading matrix la matrice is given by :

W= [“’] R (51)

T

Where &' is the fading coefficient of the signal in the ¥ _th block for the ' —th target..
5.1 Coding matrix
A space-time coding system based on Khatri-Rao product is applied through the source coding matrix

Ce CV™ N'is the number of repetitions of each R paqckets of My symbols. The coded signals are the

results of the Khatri-Rao product which spread symbols over 2 symbol periods.

where

5.2 Received signal model

The signal transmitted by the Mz transmit antennas de through the Lth path is given by :

My

dori = Z Comy Sromy '[Jﬂ'.-, i (52)

mr=1L

D e CVRL (C.5. BT : M)

Which corresponds to the PARAFAC decomposition of a tensor with parameters :

having the matrix represntation as :

(53)
D:‘.’R}‘l = {C <::'-!;]B
The two other unfoldings can be written as :
Dy =5 < BICT (54)
D:__'\'rkﬂ - {BT {‘:} C].S‘T
ifNR =P on nri = dpy
For the "-th transmission block, the signal received by the "#-th receive antenna is :
- 55
X mppi = Znﬂ;,-_g idpiwﬁ (55)

I=1

Mg P
Which can be viewed as the scalar representation of th received signals tensor of order -3 X e T which
follows a PARAFAC model with parameters (40 Wi L)
X through the third dimension, one can obtain the unfolding form of the received signal as :

. Considering the noiseless term and collecting the slices

X wmr = (Ao DIWT (56)

The two other unfoldings can be written as :
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i

Xipg o = (W & A)D7

(57)
Xyaro, = (D © WIAT
Finally, for the whole system,we obtain a nested — PARAFAC model such that :
X =Ty, %, A % Dygqg % W
(58)

D= TJapy %, C %, 5%, B

By means of an ALS nested-PARAFAC algorithm, one could estimate the factor AW.S.B

Uniqueness and identifiability conditions. ccording to Kruskal conditions, it is possible to estimate up to a
permutation and a scale factor the matrices in the first stage of our ALS — nested - PARAFAC algorithm if :

R‘q‘l' RD‘l‘ Rﬂrﬁzl‘l‘z

(59)
= min(Mg, L) + min(NR, L) + min([.L) = 2L + 2
Based on the least squares criteria, we can obtain the following estimations :
W=(4e D]fXMHNRxI
(60)

DT =(W o AV X onn

AT=Dow) fXNRIxMH

As we perform right pseudo-inverses, the identifiability conditions MaNR = L, NREZ L gng M2 2L ghou1d be

satisfied.
For the second stage of the ALS — nested — PARAFAC,we can obtain essential unique estimations of the factor
matrices if we have :
ke + ks + kg = 2M; + 2

(61)
= min(N, My ) + min(R My) + min(L Mp) = 2My + 2
And the identifiability conditions ' = Mr RBL =M o LN = Mr o514 be satisfied to have :
B=(CoS)Dy.,
(62)

ST=(B" o CO)'D,y.x

5.3 Proposed algorithm

¢ with a Fourier

The matrices B and  have the Vandermonde structure and we will simulate the coding matrix
matrix. As for 5, its first row is filled with ones and the others are filled with symbols taken randomly from QAM
alphabet. We define the matrix W by the repetition of Trows containing random weight. Then we collect the slices

X through the third dimension to obtain Xty waxt
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In the ALS — nested — PARAFAC, we perform MC =1000 \1onte Carlo runs, where we process with F=10
initializations of the matrices (B4 W.5) and we keep the one with the least error for each run, such that for the
external ALS we calculate the error of reconstruction on the received signal unfolding :

[ s — (& DY (63)

arr =
"X:-:H:mw "

Table 7. Algorithm for MIMO radar with convolutive channel processing through statistical data

1: Ry, = Ximgoenw X;:-:,rx.vﬂ
i H
7" = ¢;(Boa"®)
2 : Define
. % B (R’ " R, , R, . , Ry s
- By the ALS algorithm, obtain £ , ® and 4~ from the expressions of *1MwMr SMaiMgd g F1Mar My

- o AR
: Obtain &= % jiERsa™

w

4 by the least squares criteria
5 : By the resolution of the equation = DR-“'DH, obtain ?

6: Obtain lE':"by the two conjugate expressions

7 : Obtain & via the relation 2 = " -~

8 : By the LS-KRP algorithm, obtain @ and 4 from relation W =6 < 4"

And for the internal ALS, we evaluate the error :

(64)

IDay: — (€< 5)B

1Dyl

X

-
=
r

grr =

As for the convergence criteria during the iterations, the loop is broken when we find an error inferior or equal

— 10— .
£ = 107" o1 if the maximal number of iterations T = 1000 has been reached.

The complexity of an ALS algorithm lies mainly on the cost of the calculus of the SVD during the factor matrices
o wr . . . t o [MeNRRL .
estimations. The cost of the calculus of is given by the cost of the pseudo-inverse (4o D) e CHRNEY which

is equal to? (Ma NRL min (M NR; L)) = O(Mg NRLL) = O(Mz NRL™) And the complexity of the ALS — nested —

O(L2 (M NR + NRI + IM;))

PARAFAC is given by : per itération, which corresponds to the complexity of the

. . o 0 (M *(NR + RL + LN))
first stage, plus this of the second stage, which is of order :

per itération.
6. Simulations and Results
6.1. Comparison with other methods

The results are the average of 1000 Monte Carlo simulations, in order to verify the efficiency of the proposed

method. The simulation conditions are such as = 3 targets, between the uniform linear array (ULA) at the

transmission and the reception, having respectively the followind DoA and DoD ayant (B.,) = (25360:]’

(8,.¢.) =(70°.35°) and (8;.95) = {—1[]=.—2E]:]_ The scatterer coefficients satisfy Swerlingl model and note

that the bistatic MIMO radar is equipped by Mz transmit antennas and 2 receive antennas.

We admit the SNR (Signal to Noise Ratio) to be the rate between the signal power and the noise power. To evaluate
the system performance, we perform the test for two criteria: the first one consits of the mean quadratic error on the
estimation of the DoA and DoD, i.e. the RMSE (Root Mean Square Error) defined by the relation :
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L | oo ) )
RMSE = E |—— Z {én;r 1= Ei}- + {'ﬁmr 1= '?'i}- (65)
=1 1

Where #me.1 is the DoA estimation for the ™€ — th Monte Carlo simulation and the © —th target.

¥mel - js the DoD estimation for the ™€ — th Monte Carlo simulation and the L th target.
In fact we have the relations :

Bme 1 = arcsin(e}) (66)
B = arcsin(ek)
With
¢y = PLhj
(67)
et = PIhl
Where we define £7 and £ respectively by :
81 1 ] e
Py = v | € CMEEE
0 e (My — 1w
T (Mg ) (68)

MRIISNTS, - 1 ] My 2
fr = [n T o (M — 1wl T :

with Tk = —phase{a(8)} ;g hr = —phase{b(@)},

The second measurement guves the PSD (Probability of Successful Detection), where a good detection of the target
is accepted if the absolute error of all of the estimated angles are less than AR

We assume My =6 and Mg = 4. To compare, we represent on Fig. 2 the RMSE of classical angle estimation
methods ESPRIT, MUSIC and HOSVD, but also those of the tensorial approaches PARAFAC, QALS with the
result of our proposed algorithm. As expected, the tensor-based mothods have better performance in terms of
direction estimation in contrast with classical methods for low SNR. This is essentially due to the tensor gain. An
other observation is on the fact that the PARAFAC-based algorithm excels the other estmators since least squares
strategies rely on the array degrees of freedom.

Fig. 3 illustrates the probability of successful detection curves. We can see that all of the methods provide a PSD of
100% for high SNR. When the le SNR decreases, the PSD of each approach begins to decrease en certain points,
which is the SNR threshold. The PARAFAC-based estimators have SNR thresholds smaller than others. Note that
the proposed method based on nested-PARAFAC model has the same performance as thePARAFAC algorithm in
the presence of white Gaussian noise.

6.2. System performance

In this subsection we present the performances of our SB receiver (semi-blind) modeled with nested-PARAFAC

decomposition where we use Fourier matrix to simulate the coding matrix ¢

My = 6 gng Mz =% \yith a 4-QAM modulation for the symbol matrix. The results are still the average of 1000
Monte Carlo simulations, where each simulation corresponds to an independent realisation of the channel, symbols
and noise. Fig. 4 presents the resluts for different configurations of the system :

- space-time diversity with matrix method (STM)

. We assume a MIMO radar system with

10988 www.ijariie.com 308



Vol-5 Issue-6 2019 IJARIIE-ISSN(O)-2395-4396

- space-time diversity with tensor method (STT)

- space-time with coding diversity with matrix method (STCM)

- space-time with coding diversity with tensor method (STCT)
On Fig. 4, we can notice that tensor-based methods with spatio-temporal and coding diversity reach better
performance compared to matrix-based methods. Which justify the efficiency of tensor-based approach within
multidimensional system. The more the SNR increases, the more the tensor-based algorithm improves.

—% ESPRIT
—= MUSIC
HOSVD
—* PARAFAC
— QALS
=+ Proposé

5 \é A

. - S

1072t \%f\?
-20 -15 -10 -5 0 5 10
Fig. 2 RMSE vs SNR
1 | ZV—*? T T T T TV
0.8 # /?j |
/
/
0.6 I 3 ;,f" ]
s E —s ESPRIT
(i‘i = MUSIC
O ! .m"/‘ HOSVD I
2 ’? —+— PARAFAC
021 £ QALS !
. * : -= Proposé
4 -

-20 -15 -10 -5 0 5 10

Fig. 3 PSD vs SNR
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6.3. Parameter design influence

Fig. 4 SER vs SNR

Finally we evaluate the system performance under parameters influence.
First, spatial diversity is translated by the increas of number of elements at the transmit and/or receive sides. Fig. 5
and Fig. 6 sohw effectively that this diversity improves the system performance. Meanwhile, note that the reception

diversity is more considerable than this at the transmission as the gad between the results on Fig.5 are greater.

Second, the number of block transmissions allows us to introduce time diversity. The more we repeat the coded
signals, the more the system has a better performance in terms of estimation of the transmitted information and the

parameters of transmission.

On Fig. 7, SB indicates our semi-blind receiver and ZF indicates zero forcing in the case where the channe lis

perfectly known. Note that the proposed approach in this work provides results close to the ZF receiver.
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7. Conclusion

To conclude, we have seen in this work the modelisation of the received signals in MIMO radar using instant and
convolutive channel. We have exploited two kinds of data considering raw and statistical cases. We have proposed
our semi-blind receiver based on the use of a known coding matrix at the transmitter. The nested-PARAFAC model
of the received signal has led to the conception of our proposed algorithm based on a double ALS to estimate first
the external parameters and then the internal ones. Simulations were divided into three categories: comparison with
classical method for angle estimation, comparison between matrix-based approach and our semi-blind receiver,
influence of parameter design. Numerical results has proved that tensor-based method has better performance
compared with classical method; the semi-blind receiver is more efficient than the matrix-based methods; the
increase of the number of elements at the transmitter and/or at the receiver with the variation of the number of
transmission blocks affects the system performance. Space-time and coding diversity applied to the MIMO radar
system with tensor approach allowed performance increasing.
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