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Abstract: The unknown mutual coupling effect between antennas significantly degrades the target
localization performance in the bistatic multiple-input multiple-output (MIMO) radar. In this paper,
the joint estimation problem for the direction of departure (DOD) and direction of arrival (DOA)
is addressed. By exploiting the target sparsity in the spatial domain and formulating a dictionary
matrix with discretizing the DOD/DOA into grids, compressed sensing (CS)-based system model
is given. However, in the practical MIMO radar systems, the target cannot be precisely on the
grids, and the unknown mutual coupling effect degrades the estimation performance. Therefore,
anovel CS-based DOD/DOA estimation model with both the off-grid and mutual coupling effect
is proposed, and a novel sparse reconstruction method is proposed to estimate DOD/DOA with
updating both the off-grid and mutual coupling parameters iteratively. Moreover, to describe the
estimation performance, the corresponding Cramér-Rao lower bounds (CRLBs) with all the unknown
parameters are theoretically derived. Simulation results show that the proposed method can improve
the DOD/DOA estimation in the scenario with unknown mutual coupling effect, and outperform
state-of-the-art methods.

Keywords: bistatic MIMO radar; DOD/DOA estimation; mutual coupling; off-grid sparse problem

1. Introduction

In multiple-input multiple-output (MIMO) radar systems [1,2], the independent waveforms are
adopted in different transmitting antennas, so compared with the traditional array radars, the better
performance of target estimation and detection can be achieved by using more spatial and waveform
diversities [3-5]. Usually, the MIMO radar systems can be categorized into the following two types
with different antenna distances: (1) Colocated MIMO radar system: The antennas in receiver and
transmitter are close to each other, so the waveform diversity can be exploited to improve the radar
performance [1,6,7]; (2) Distributed MIMO radar system: The antennas in receiver and transmitter are
widely separated, so the radar performance can be improved by exploiting the diversity of target’s
radar cross-section (RCS) [2,8].

Moreover, with different positions of transmitter and receiver, the colocated MIMO radar can
also be categorized into monostatic and bistatic MIMO radar systems. The transmitter and receiver
are close in the monostatic MIMO radar system [9], so more reliable beam-pattern design and target
detection can be achieved. However, in the bistatic MIMO radar [9,10], the transmitter and receiver are
widely separated, so the better performance of target localization can be achieved with the different
view angles from transmitter and receiver. Therefore, in this paper, we consider the problem of the
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direction of departure (DOD) and the direction of arrival (DOA) estimation, and the bistatic MIMO
radar system is adopted.

The DOD/DOA estimation problem in the MIMO radar system has been widely studied.
For example, in the scenario with a non-uniform array, a novel method is proposed to construct
a virtual MIMO array and estimate DOD/DOA in [11]. In [12,13], the DOD/DOA estimation method
for the scenario with unknown correlated noise has been proposed, where the estimation method is
based on the canonical correlation decomposition and the shift-invariance properties of Kronecker
product. Additionally, some studies [14-17] have proposed algorithms based on the multiple signal
classification (MUSIC) and the estimation of signal parameters via rotational invariance techniques
(ESPRIT) to estimate DOD/DOA in MIMO radar systems. However, these studies have not considered
the mutual coupling between antennas in transmitter and receiver. In [18], the mutual coupling has
been studied in the problem of direction finding. Additionally, the DOD/DOA estimation method
with unknown mutual coupling is proposed in [19]. Different from these present papers, we propose a
novel method to estimate the DOD/DOA in the bistatic MIMO radar system, where the sparsity of
targets has been exploited to improve the estimation performance.

In this paper, we consider the problem of estimating the DOD/DOA in the bistatic MIMO radar
system with mutual coupling between antennas. A novel iterative method based on compressed
sensing (CS) is proposed to estimate the parameters including DOD/DOA, mutual coupling
matrices, and target scattering coefficients, by exploiting the sparsity of targets in the spatial domain.
Additionally, to further improve the estimation performance, an off-grid problem is formulated, and the
parameters are polished iteratively by solving the off-grid problem. Furthermore, the corresponding
Cramér—Rao lower bounds (CRLBs) for the estimated target parameters are derived theoretically.
To summarize, we make the contributions as follows:

e Sparse DOD/DOA estimation model with mutual coupling effect: In the bistatic MIMO radar
system, the DOD/DOA estimation model is proposed based on the sparse reconstruction model,
and the unknown mutual coupling effect between antennas is also considered.

e Sparse DOD/DOA estimation method with off-grid effect: In the sparse reconstruction
methods, the detection area is discretized into grids to formulated the dictionary matrix, so the
off-grid effect limits the reconstruction performance. Therefore, combining both off-grid effect
and mutual coupling effect, the sparse DOD/DOA estimation method is proposed.

o Theoretical CRLB expression for DOD/DOA estimation with mutual coupling effect:
The corresponding CRLB with the unknown mutual coupling effect is theoretically derived
to describe the estimation performance.

The remainder of this paper is organized as follows. The system model of bistatic MIMO radar is
given in Section 2. The estimation method for DOD/DOA and mutual coupling matrices is proposed in
Section 3. Section 4 derives the Cramér—Rao lower bound (CRLB). Then, Section 5 gives the computational
complexity. Simulation results are given in Section 6. Finally, Section 7 concludes the paper.

Notations: Iy denotes an N x N identity matrix. £ {-} denotes the expectation operation.
CN (a,B) denotes the complex Gaussian distribution with the mean being a and the variance
matrix being B. || - ||1, || - |2, ®, Tr{-}, vec{-}, (-)*, ()T and (-)" denote the ¢; norm, the ¢, norm,
the Kronecker product, the trace of a matrix, the vectorization of a matrix, the conjugate, the matrix
transpose and the Hermitian transpose, respectively. For a matrix A, [A], denotes the n-th column of
A, and for a vector a, [a], denotes the n-th entry of a.

2. The System Model of Bistatic MIMO Radar

2.1. Bistatic MIMO Radar System without Mutual Coupling

In this paper, the bistatic MIMO radar system [12,20,21] is considered and the radar system is
shown in Figure 1, where M transmitting antennas and N receiving antennas are adopted. In each
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transmitting antenna, the orthogonal signal is transmitted. The transmitted waveform for the m-th
transmitting antenna is denoted as s, (¢, p) (m = 0,1,..., M — 1) in the time domain, where p denotes
the pulse index (p = 0,1,..., P — 1) and the number of pulses is P. Therefore, for the transmitted
waveforms, we have

0, m#m

1, m=m

/' sm(t, p)st (1, p) dt = { , (1)
JEET)

where T), denotes the pulse duration.

Transmitter Receiver

Figure 1. The system model of the bistatic MIMO radar.

Assuming that there are K far-field targets, the direction of departure (DOD) and the direction of
arrival (DOA) for the k-th target (k = 0,1,...,K — 1) are denoted as ¢ and , respectively. In each
target, we assume that the the scattering coefficient is a type of Swerling II RCS [22] and follows the
independent and identically distribution (i.i.d.) between pulses. Therefore, during the p-th pulse,
the scattering coefficient of the k-th target can be denoted as ax(p).

Without considering the mutual coupling between antennas, the received signals in the n-th
antenna (n =0,1,..., N — 1) can be expressed as

K=1M-1 , ‘ )
r(tp) = Y Y ar(p)sm(t, ple 2RO EISING) gy (4 p), @)
k=0 m=0

where d denotes the fundamental antenna spacing, A denotes the wavelength, and wy, (¢, p) denotes
the additive white Gaussian noise (AWGN) in the n-th receiving antenna during the p-th pulse,
and wy(t, p) ~ CN(0,02).

After the matched filter hyy, (t, p) £ s}, (to — t, p) for the m-th transmitted waveform and sampling
at time #p, we can obtain the result of pulse compression

rn(p) £ [ raltp)si (e p)
®)

K-1 ) . .
— Y wy(p)e 2R (singtmsing) g (),
k=0
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where we define wy, , (p) = fteT,, wy (t, p)s* (t, p) dt, and wy, ,(p) ~ CN(0,02). By collecting r,, m (p)
into a vector r,(p) = [rno(p), ru1(p), .- .,rn,M,l(p)]T, the vector form of received signal can be

obtained as

K-1

ra(p) = Y e 27 Sk (p)a (@) + wa(p), @)
k=0

where the noise vector is defined as wy, (p) 2 [w,0(p), n1(p), - ., wur—1(p)]", and the steering vector
in the transmitter is defined as

_ T
(‘Pk) [1 e ]27'( sm¢k . ',e*j2n(MA1)dsin¢k} . (5)

Collect all the received signals into a matrix, and we can obtain

R(p) £ [ro(p)r(p),- o rna(p)] = zak b (9) + W(p), ©)

where the steering vector in the receiver is defined as

_ T
b(l/]k) 2 {1/ e—jZn% sin l[Jk, . e—jZH(N/\l)d sin(pk} , )

and the noise matrix is defined as W(p) = {wo(p), wi(p), ..., wN-1 (p)} .

Vectorizing the matrix of received signals into a vector r(p) £ vec {R(p)}, the received signals
can be expressed as the following vector form

zak ) vee {a(g)b (yi) } +w zzxk b(i) © a(x) +w(p) ®)

where w(p) £ vec {W(p)}, and w(p) ~ CN (0,02Ipn). Therefore, without the mutual coupling
effect between antennas, the problem of DOD/DOA estimation is formulated in (8), where both ¢
and ¢ will be estimated from the received signal r(p) without the knowledge of target scattering
coefficient ay(p).

2.2. Bistatic MIMO Radar System With Mutual Coupling

However, in the practical radar system, when the mutual coupling between the antennas in
both transmitter and receiver is considered [23], the system model developed in (8) cannot be used.
Therefore, this subsection will discuss the system model with mutual coupling. Usually, the mutual
coupling matrices in the transmitter and receiver are respectively defined as [18]

Cr 2 (Zra+Zr1) (Zr + Zr 1) 7Y, )
Cr 2 (Zra + Zr1) (Zr + Zre 1)1, (10)

where Z14 and Z1; denote the antenna impedance and terminating load in transmitter, and Zg4 and
Zgr, denote the antenna impedance and terminating load in receiver. Zt and Zg denote the mutual
impedance matrix in transmitter and receiver, respectively.
The my-th row and my-th column of mutual impedance matrix Z7 can be expressed as [19,24,25]
30(0.5772 4 In(2yL) — gc(2yL) + jgs(2L)), my = my
T, nq,my = . (11)
30(gr (m1,mz) + jgx (m1,mz)), my 7 1y
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where v £ 271/, and L denotes the length of dipole antennas. g (1, m5) and gx (11, my) are defined
respectively as

gr(m1,my) £ sin(vL) [gs(v0) — gs(po) + 285 (1)
—28s(v1)] +cos(yL)[gc(po) + &c(v0) — 28c(11)

~ 2ge(n) + 2g¢ (v m2))] — [28¢(ur) +250(1) -
— 4gc(yd(my, my))],

gx(my,mz) £ sin(yL) [gc(v0) — gc(po) +28c(p1)
—28c(v1)] +cos(yL) [ — gs(po) — 8s(vo) +28s(p1) 13)

+2g5(v1) — 2gs(yd(my, mp))] + [2gs(p1) + 285 (v1)
— 4gs(yd(my, my))],

where d(my,m;) denotes the distance between the m1-th antenna and the m,-th antenna. g, v, ¢#1 and
v1 are defined respectively as

=y | \/d?(my,mp) + L% — L) , (14)

7( d?(my, my) L2+L>, (15)

= o (\Jd2(my,m2) +0.25L2 - 05L> (16)

v =1 (\/dz(ml,mz) £02512 + O.SL) . (17)
gc(x) and gg(x) are defined respectively as

se 2 [ W, g2 [Py (18)

Similarly, the mutual impedance matrix Zr can be also obtained from the expression of Zr.

However, the expresses for Z7 and Zy in (11) are too complex to analysis. Since Zt and Zg
depend on the length of dipole antennas and the distances between antennas, the mutual coupling
matrices Ct and Cg can be approximated, respectively, by two symmetric Toeplitz matrices

CT ~ T(CT), CR ~ T(CR), (19)
where T(cr) € CM*M is defined as
CT0 CT1 CT2 .o CT,M-1
CT1 CT0 CT1 -ee CT,M-2
T(em) 2 | €12 cT1 cro .-+ CT,M-3]|, (20)

cr,M-1 C€T,M-2 CT,M-3 --- CT,0
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and T(cg) € CN*N js defined as

CR,0 CR1 CR2 ... CRN-1
CR1 CR,0 CR1 ... CRN-2
T(cg) 2 | CRr2 CR,1 CRO  --- CRN-3|. (21)
CRN-1 CRN-2 CRN-3 --- CR,0

Additionally, for the mutual coupling matrices, we also have

1=lerol > leral > ... > lerm-1l, (22)
1=lcrol > [eral > ... > |er,N-1]- (23)

Therefore, in the scenario with mutual coupling between antennas, the received signal in (8) can
be rewritten as

r(p) = )_ a(p) [CRb($1)] ® [Cra(¢y)] + w(p) (24)

k=0
= CAa(p) +w(p),

where
C £ Cr®Cr, (25)
x(p) 2 [wo(p), o1 (p), .. o (p)] (26)
A2 [b(yo) @ a(gu), ., b(yx—1) © alpx1)] - 27)

The orthogonal signals are affected by the mutual coupling effect, but we describe the
corresponding effect by a matrix, and the non-orthogonality is transferred into the steering vectors by
the mutual coupling matrix.

Finally, collect the received signals from all pulses, and the matrix form of all received signals can
be obtained as

R 2 [#(0),r(1),...,n(P—1)| = CAT+W, (28)

where W £ [w(O),w(l), ., w(P— 1)} T2 [lx(O),oc(l), oo, u(P— 1)] . Then, the vector form of all
received signals can be expressed as

re [rT(o),rT(l), o, #T(P— 1)} T (Ip®C) (Ip®@A)a+w, (29)

where w = {wT(O),wT(l), oo, wl (P — 1)} T, w = vec {T}.

Therefore, considering the mutual coupling between antennas in both receiver and transmitter,
we will develop an algorithm to estimate the DOD/DOA in A from the received signal r in (29) without
the knowledge of mutual coupling matrix C and the scattering coefficient a.
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3. DOA/DOD and Mutual Coupling Matrix Estimation

With the received signal R, we propose a novel sparse-based method to estimate the DOD/DOA
in the scenario with unknown mutual coupling matrix. The possible DOD and DOA are, respectively,
from the following two discretized sets

S¢ = {¢pz|z1=01,...,Z; — 1}, (30)
Sy £ {¥pz,l20=0,1,...,Z, — 1}, (31)
where ¢p ., < ¢pz,4+1and Pp., < Pp 41

Therefore, assume that the DOD and DOA of a target are respectively the z;-th entry of Sy, i.e.,
¢D,z,, and the zp-th entry of Sy, i.e., ¥p »,, so the steering vector for this target can be expressed as

dzerZ = b(lpD,Zz) & a(‘PD,zl ) (32)

Then, collecting the steering vectors for all the possible targets, a dictionary matrix can be
formulated as

D% {do,ol dop,---,doz,-1,d10,-- ~/dzl—1,zz—1} . (33)

Consequently, we can formulate the following compressed sensing (CS)-based problem [26,27]
for the DOD/DOA estimation

in || X 34
min [ X2, (34)
s.t. |R— CDX|)% <,

where the norm || X||5o denotes the number of rows in X with the nonzero entries, and the parameter
€ is adopted to control the accuracy of sparse reconstruction. As shown in Figure 2, X € C2*" denotes
a sparse matrix and the nonzero entries are the scattering coefficients from I'. The indexes of nonzero
rows in X indicate the DOD/DOA of targets.

The p-th pulse é‘

IR 0 0 . 0 o 0 |
0(0)  ol(1)  o2) - o) - a(P-1)
0 0 0 - 0 - 0
The k-th 0 o) 0@) - a®) - oP-1)
target L 0 0 0 - 0 - 0
0) o) @) - op) - oP-1)
0 0 0 - 0 - 0
0, (0) o (1) 0 (2) -+ 0y(P) -+ oy (P-1)
0 0 0 - 0 - 0

Figure 2. The structure of sparse matrix X.

In (34), both the sparse matrix X and the mutual coupling matrix C are unknown, so this
paper proposes a novel method to estimate DOD/DOA with the unknown mutual coupling matrix.
Additionally, the off-grid problem in DOD/DOA estimation is also considered, where the off-grid
problem means that the actual values of DOD/DOA can be not exactly contained by the discretized
DOD and DOA sets, i.e., ¢y & Sy and ¢ € Sy, but ¢po < ¢ < ¢p,z,—1and ¥po < P < P¥p 7,1,
fork=0,1,...,K—1.



Electronics 2018, 7, 341 8 of 23

Unlike the traditional multiple measurement vectors (MMYV) problem [28-30] in the CS theory,
the mutual coupling matrix in the DOA /DOD estimation problem (34) is unknown, so the traditional
MMYV methods cannot be used directly. Therefore, a novel method is proposed to estimate DOD/DOA
with the following objective function

A

{#.9,X,C) = min_f(9,4X,C), (35)

where XY denotes the g-th row of X, and

f(¢,9,X,C) £ || X[, + |R— CDX|3, (36)

(37)

(38)

In (35), the /1 norm is adopted as a relaxation form of £y norm [31].

A novel iterative method is proposed to solve the problem (35), and the flow chart of the proposed
method is shown in Figure 3. First, ignoring the effect of mutual coupling, the CS-based method is
adopted to estimate the sparse matrix X with assuming C = I. Second, based on the estimated X,
the mutual coupling matrix C can be estimated as C with the gradient descent method. Then, with the
roughly estimated results, another gradient descent method is proposed to further polish the estimated
results and solve the off-grid problem. Finally, Estimate DOD/DOA and mutual coupling matrix
iteratively, and the estimated results are obtained when the estimation method is that of convergence.
Details about the proposed method are given in the following subsections.

Received signal

Compressed
sensing-based
DOA/DOD
estimation

l

Mutual coupling
matrix estimation

l

Gradient descent
method to polish
the estimated
results

Estimated
results 1. Mutual coupling
matrix

2. DOD/DOA

Figure 3. The flow chart of proposed method for DOD/DOA estimation with the unknown mutual
coupling matrix.
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3.1. CS-Based DOD/DOA Estimation

The CS-based method is adopted to estimate DOD/DOA. Since the multiple pulses are adopted in
the bistatic MIMO radar system, the simultaneous orthogonal matching pursuit (SOMP) method [32]
can be adopted with ignoring the mutual coupling between antennas. In Algorithm 1, the details of
the SOMP method for DOD/DOA estimation is given. At Step 4 of Algorithm 1, the /; norm is used to
find the discretized DOD/DOA with the maximum correlation coefficient for all pulses.

Algorithm 1 Simultaneous orthogonal matching pursuit for DOD/DOA estimation

1: Input: received signal R, maximum number of targets K, dictionary matrix D.
2. Initialization: iteration i = 0, support Sy = @, residual matrix Z; = R, assuming C = I.
3: fori =0to K—1do

{21122} = argmaxz, z, '||Zin21/ZZ ”1

Sy < SxU{j}.

4:

5. j=2z1Z1+ 2.

6:

72 Riy1 = DSXDgx R, where Dg_ is formed by the columns from D with the column indexes from

the support S,.
8 Zit1 =R—Rjy.
9: i=i4+1.
10: end for

11: Output: the estimated DOD/DOA from the support Sy and the estimated sparse matrix X.

3.2. Gradient Decent-Based Mutual Coupling Matrix Estimation

With the estimated DOD/DOA and the sparse matrix X, considering the symmetry characteristic
of mutual coupling matrix, the mutual coupling vectors ¢t and cg can be estimated by the following
objective function

{ér,er} = argmin g(cT, cr), (39)
€T,CR
where the objective function is defined as
o112
g(er,cr) £ ||R = [T(cr) ® T(cr)] DX || - (40)

Therefore, a gradient decent method is proposed in this paper to estimate the mutual coupling
vectors ct and cg, and the details are given in Algorithm 2.
Here, the subgradients of objective function g(cr, cr) can be obtained as

ag(cr, ¢ ag(er, ag(cr,

vca‘.g(CT/ CR) - g(aZ? R) == [ ggé]*;_;R), ey gé()z;;R),. . } , (41)
ag(cr,c ag(er, ag(cr,

vc}‘{g(CT/ CR) = g(az}; R) = [ ggizf;;R),. ey géﬁ%/:R),. . } , (42)
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) and )

where the subgradients of gé I E) Z are given respectively as
CT,m CRn

9gler, cr) :273{ vec! {R — CDX} vec* {— [T(CR) ®8T(CT)1 DX} }/ (43)
ac"]i,m ac?,m
agg)CcT;‘M) = ZR{ vec! {R—- CDX} vec” { [agc(};:) ® T(CT)] DX} } (44)

Algorithm 2 Mutual coupling matrix estimation

1: Input: received signal R, estimated sparse matrix X, dictionary matrix D, step size J,

stop threshold €.
2: Initialization: ér = {1,01X<M,1)]T,
T

tr = [1/01><(N71)] ,
C=T(er)®T(er),
e =||R— CDX|3.

3: whilee < €5 do

4 Obtain V: g(cr, cr) and Vxg(cr, cr) from (41) and (42), respectively.

5. @ 4 &1 — zSVC»%g(CT, CR)-

6: LR < &R — (5VCEg(cT, CR)-

7. C= T(er) @ T(er).

8 ¢ =||R—-CDX|>.

9: ife¢’ > e then

10: 6+ 3.

11:  end if

122 e=é.

13: end while
14: Output: the estimated mutual coupling matrix C.

3.3. Polish the Estimated DOD/DOA and Mutual Coupling Matrix

The DOD/DOA are discretized and the dictionary matrix is formulated in Algorithm 1, so the
estimated DOD/DOA must be in set S(p and Sq,. However, in the practical scenarios, the DOD/DOA
of targets are continuous and can be not exact in the sets with discretized angles. Therefore, with the
roughly estimated DOD/DOA and mutual coupling matrix from Algorithms 1 and 2, this subsection
proposes a gradient descent method to further polish the estimated results and solve the off-grid
problem. The details to polish the estimation results is given in Algorithm 3. The mutual coupling
effect is compensated in Algorithm 3, where we estimate the mutual coupling coefficients. Then,
the estimated coefficients can be used to improve the performance of DOD/DOA estimation.
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Algorithm 3 Polish the estimated DOD/DOA and mutual coupling matrix

1: Input: received signal R, estimated sparse matrix X, estimated mutual coupling matrxi C,

dictionary matrix D, step size J, stop threshold €.
2: Initialization: obtain ér and ég from C; obtain ¢ and ¢ from X; & = vec {X}; e = ||R — CDX||%.
3: whilee < €5 do

4 Obtain Vuf(e,9,X,C), Vyf(¢,9,X,C), Vif(¢,¢,X,C), Vc?f((P,l[J,X,C), and

Veif(9,4.X,C).
5 er < ér— 0V f(9,9,X,C).
6 &R Er— 0V f($,9,X,C).
7. C=T(er) ® T(er).

8 @ ¢—0Vefl(p, ¥, X,C).
5§ b0Vl X,C).

10: X2+ X—06Vef(op, 9, X,C).

11: ¢ =||R— CDX|3.

12:  if e’ > e then

) [
13: 0« 3.
14: end if
15: e=¢.

16: end while
17: Output: the polished mutual coupling matrix C, the polished DOD/DOA ¢ and , and the

polished sparse matrix X.

The gradient descent method based on the subgradients of objective function f(¢,wp, XC),
which are given in Proposition 1.

Theorem 1. The subgradients of f(¢, p, X, C) are

Vof(d,$,X,C) = ZR{ [(1p®cu)x—r]H(1p®C)a(IpﬁD>x}, (45)

Vof(d,9,X,C) = 272{ [(Ip@CD)xr]H(IpG@C)a(IP;iD)x}, (46)
e (2 = T

Ve f(9,9,X,C) = 5x qg) (,E) xq,p> +[(Ip @ €D)x —#]" (Ip @ CD)*, (47)

1 3(Ip ® CD)*x*

Vet (9,X,C) = [(1n CD)x T 2L DI 4s)
V(9. ,%,0) = [(1p o D)y T XSOV )

where



Electronics 2018, 7, 341

d(Ip®D)x .
7a¢ 1S
a(lp ®D)x
T

The k-th column of lIp 2 D)x is
oY
o(Ip ® D)x
9y

a(Ip ® CD)*x* o
dcy

The k-th column of

The m-th column of

[a(rp ® CD)*x*

aC;
. Ip®@Cy® -~ | (Ip® D*)x*
acy ]m < aCT,m)

The n-th column of W is
dcy

oIpeCD)x] _ [, 0Ck
ocg 1, \7

]k (IP®[0MN><k/ al,,

ob(

Here, we will proof this proposition.

L — (IP ® [OMka,b(lPk) ® a%;ik)foMNx(Kflka) X

® a(Pr), Opinx (K—1— k)D

® c;) (Ip® D*) x*

Ik
The m-th entry of aEp P) ;
oa(Pr) . md *J‘2ﬂmfd sin
[ 201 ]m = —j271—= cos e A ;
The n-th entry of (ink )
ab(py) nd S sing
[ T ]n = —j27t~- cos yye A .

12 0f 23

(50)

(51)

(52)

(53)

(54)

(55)

Proof. The derivations for vectors or matrices are given in Appendix A. By defining x £ vec {X},

we can obtain

Vef(, 9, X,C)=

d|lr — (Ip ® CD)x|l3

o
orfl(Ip® CD)x  oxH(Ip @ DHCH)r  9xM(Ip ® DHCH)(Ip @ CD)x
99 - ) op
~uolp ?¢CD)X _rolp <§¢CD)X]* +[(Ip® CD)|T o([(Ip® CD)x]")
+[(1p @ cD)xH 21U © CD)A] ?(PCD )4
ZR{ [(Ip® CD)x —r]" (Ip® C)a(IPaiD)x }

(56)
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The k-th column of w can be obtained as

a(Ip®D)x . a(lp®D) . 82
{ 99 L o "% ap )"
= <1P ® [OMkarbw)k) ® a“ag,(ik)/OMNx(K_l_mD X,

da(dr)

where the m-th entry of ——= is
OPx

aa(¢k)] .~ md i g
IR = 2 —— cos e /TR SNk,

Using the same method, V4 f(¢, p, X, C) can be also obtained. Additionally, we also have

|| X|l21 + |Ir — (Ip ® CD)x|3
Ve f(¢9,%,€) = P 2,

and
d|lr— (Ip @ CD)x*|3
Jx*

ox* ox* ox*

T ox* 3([(Ip ® CD)x]")
- _ HH ox* T P
— — [peDfct)y] X4 [(1p @ CD)Y =
= [(Ip® CcD)x —1]" [(Ip ® CD)]*,
where the k-th entry of a”;icuzfl is
K-1 /N~oP-1.2 -
[?)HXI} _alXly _ AT VES s L
ox* |, ox; ox;} = zm
so we have
1
X1 _ 1 7§ (Pl 2 ) :
* - =X Z Z Xg .
dx 20 S\

Therefore, we can obtain

K-1 /P-1 7%
Ve f(¢,9,X,C) = ng Yy (Z x§,p> +[(Ip ® CD)x —#]" (Ip ® CD)*.

B _arH(Ip®CD)x B oxH(1p @ DHCH)r n oxH(Ip ® DY CH)(Ip ® CD)x

13 of 23

(57)

(58)

(59)

(60)

(61)

(62)
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we can also obtain VC»%f(q), ¥, X,C) as

oul|X |21 + |Ir — (Ip ® CD)x|3

Vca‘-f(¢l P, X, C) =

acy
B _arH(Ip ®CD)x oxH(Ip ® DM CH)r 4 oxH(Ip ® DM CH)(Ip ® CD)x
dcy dcy dcy
e ©CDy [y e CD) o a9 DR (g
dcy acy dcy
a[(I CD
+[(1p o eyt LI 2 ED
acy
— [(Ip®CD)x — 1" w,
acy
and the m-th column of w is
dcy
o(I CD)*x* aC7
[(P@g*)x] =|pecio s | IreD)x" (64)
cr m €T, m

Using the same method, V. f(¢, ¢, X, C) can be also obtained. [

4. Cramér—Rao Lower Bound

The CRLB is adopted to show the lower bound on the variance of the estimated parameters
including DOD/DOA (¢ and ), scattering coefficients («), and mutual coupling coefficients c.
CRLB can be obtained from the Fisher information matrix (FIM)

ecrip = || 4|3, (65)

where d is a vector with the diagonal entries of I1(8). I(6) can be calculated as

02 e{ (%) (%)}

where
dlnp _ [dlnp Jlnp OJlnp OJlnp OJdlnp Jdlnp
a0 | 09~ 9y ' o’ da*’ oc ' ot |’
£ = ; —0;7 2(r—(I®CA)a)H (r—(IQCA)w)
p=flrig,¢,ec)= MNP det(O'%I)e ¢
- T
cs c%,clT{] .

The subgradients of In p are calculated as follows:

1. onp is obtained as
I
dlnp _ ,3(r—(I®CA)w)"(r— (I1® CA)a)
a¢ =~ a¢
—%_2{[“ (I®CA)N]T%;‘)WF+[1’—(I®CA)N]HW -

_ 2(7,,_27%{[1'7 (1 CA)al W},
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where the k-th column of M is

o¢
I® CA)a} ( A >
———— | =(I®RC— )u,
{ o¢ k P
and
0A da(ey)
o [OMkarb(wk) ® TS AOMNx (K=1-k) | -
. . dlnp
With the same method, we can obtain W

2. E);I;p is obtained as
dlnp Lor—(I®CA)I(r— (I® CA)x)
= —o’n
ow on
=0, 2[r—(I®CA)" (1o CA),

and we have dlnp = (81np> .

Ju* o
3. dlnp is obtained as
dc
dlnp Lor—(I®CA)I(r— (I®CA)x)
= —O’n
dc dc
= o { r— (1o caj” UIECAR) (1 cp)q HLECAR
c dc
=02 [r— (I®CA))" w,
where the n-th column of w is
II®CA)] aC
] (e
4. dlnp is obtained as
dc*
olnp B 7 ([(I® CA)a]") - HO(I®CA)a
e oy, {[r (I® CA)x] e +[r— (I®CA)x| T he
=02 [r— (I CA)x)" w,
where the n-th column of a(mg# is

dI®C A )] (. aC .\ .
{ ac’ L‘<’®aczA)”"

15 0f 23

(68)

(69)

(70)

1)

(72)

(73)

(74)
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Finally, the FIM is obtained as

(D) ()

i H H H T H T |
H H H T H T
_ 2 GHay,, GHOy, GG, o, GHa,, 0
oy, ¢ P ,
Gy, Gy, o G'¢*, o G
Qlla,, oo,  aoffe, o afa, o
. 0olo;, ola:, oo o/, o olo;]

where G £ Ip ® CA, Qyp £ aa%, Qy £ aa%, e aa%. Then, with FIM, the corresponding CRLB can
be obtained.

5. Computational Complexity

In Algorithm 1, to estimate the DOD/DOA using the SOMP method, the computational
complexity is O(PMN + Q® + Q*MN + Q(MN)?). In Algorithm 2 to estimate the mutual
coupling matrix, the computational complexity is O(MNPQ + (MN)2Q). Additionally,
in Algorithm 3, the estimation results are polished, and the computational complexity is O(MNPQ +
(MN)2Q). Therefore, the computational complexity of the proposed method to estimate DOD/DOA
and the mutual coupling matrix can be roughly expressed as O(Q* + MNQ? + (MN)?Q + MNPQ).
Usually, we have MN < Q, so the roughly computational complexity can be simplified as
O(Q* + PQ?).

6. Simulation Results

In this section, the simulation results are given to show the performance of the proposed algorithm.
The simulation parameters are given in Table 1. First, the reconstruction performance for the received
signal is shown in Figure 4. The reconstruction error is defined as

All2
=73

r 2 7
712

(76)
where r is the received signal defined in (29), and # is the reconstruction signal with the estimated
parameters including DOD/DOA, scattering coefficients and mutual coupling matrices. As shown
in Figure 4, the proposed method polishes the estimated DOD/DOA and mutual coupling matrices
iteratively, where Algorithm 2 is adopted to estimate mutual coupling matrices and Algorithm 3 is
used to polished the estimated DOD/DOA and mutual coupling matrices. The relative reconstruction
error is decreasing with increasing the number of iterations. Additionally, as shown in this figure,
Algorithm 3 is more significant in improving the estimation performance than Algorithm 2. Therefore,
it is efficient to polish the estimated results in the off-grid problem after the rough on-grid estimation.
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Table 1. Simulation parameters.

Parameter Value
Carrier frequency f, 1 GHz
Speed of waveform ¢ 3x108m/s
Wavelength A 0.3m
Pulse number P 100
Antenna space d 0.15m
Antenna number in transmitter M 20
Antenna number in receiver N 20
Dictionary resolution |¢p z, — ¢p z,+1] 0.035
Detection angle range 30°~60°
Iteration number 8 x 10°
Target number K 2

0.08

0.075 N\,

0.065 | D F F F — |
0.06 f Algorkim 3 F [\ [\ 1

0.05

Relative reconstruction error
o
]
(9]
)]

0.5 1 1.5 2
Iterative index (x 103)

Figure 4. The reconstruction performance with the proposed Algorithms 2 and 3.

Figure 5 shows the estimated DOD/DOA using different methods, where O denotes the
DOD/DOA of the target, x denotes the estimated DOD/DOA with the proposed method, and A
denotes the estimated DOD/DOA with the on-grid SOMP method [32]. As shown in this figure,
when only the on-grid SOMP method is used to estimate the target DOD/DOA, the estimation error is
larger than that using the proposed method. In the proposed method, we adopt the proposed off-grid
method to further improve the on-grid result, so the proposed method can outperform the traditional
on-grid method.
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Figure 5. The estimated DOD/DOA using different methods.
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Figure 6 shows the reconstruction performance with the proposed method where the
signal-to-noise ratios (SNRs) are 5 dB, 10 dB and 20 dB. With different SNRs, the same waveforms are
adopted, so the correlation between waveforms are the same. As shown in this figure, with increasing
the SNR of the received signal, better reconstruction performance can be achieved. Additional,
when SNR = 20 dB, the reconstruction performance is almost the same as the one without noise.
After about 8 x 103 iterations, the reconstruction performance is convergence, so we can adopt 8 x 103
as the maximum number of iterations in the following simulations. In Figure 7, we also compare
the estimated results with the CRLB derived in this paper. As shown in this figure, the proposed
estimation method can approach the CRLB, so the estimation method is efficient.

Relative reconstruction error

0.2

0.15¢

0.05

SNR=5dB

SNR=10dB

it SR N S

SNR=20dB

2 4 6 8
Iterative index (x 103)

Figure 6. The iterative results for different SNRs.
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0.76
-©-Simulation MSE
0.6 —CRLB 7
=
© 0.5 ,
g
o
o J
= 0.4
S
g
“ (0.3 1
[=)
<
)
=02 1
0.1
0 | o—o—o—9
-40 -30 -20 -10 0

SNR (dB)
Figure 7. The CRLB and the simulation MSE of the proposed method.

In Figure 8, we show the effect of mutual coupling on the estimation performance. As shown
in this figure, better estimation performance can be achieved by improving the SNR of the received
signal. The curves “with perfect information” are the simulation results with the perfect information of
mutual coupling effect. The best estimation performance can be achieved by the methods with perfect
information. Moreover, the mutual coupling has great effect on the estimation performance, so better
reconstruction performance can be achieved by estimating the mutual coupling matrices during the
DOD/DOA estimation. With different target numbers, Figure 9 shows the reconstruction estimation
performance. The targets are uniformly distributed in the angle range from 30° to 60°. When the
target number is increasing, the reconstruction performance will be worse with the high correlation
between the echoed waveforms from different targets. However, with better SNR, more targets can be
estimated with the same reconstruction performance.

8x1073 */‘ * ® il

6x10731

5 4x107

Reconstruction performance

-="Without coupling estimation (SNR=5dB)
-# With coupling estimation (SNR=5dB)
#“With perfect information (SNR=5dB)

-+ Without coupling estimation (SNR=10dB)
With coupling estimation (SNR=10dB)
-+ With perfect information (SNR=10dB)

0 T T T T T T
-22 -20 -18 -16 -14 -12 -10
Mutual coupling effect (dB)

N

i

—_

(e
&
|

Figure 8. The reconstruction performance with and without coupling estimation.
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0
10 ‘ ‘
ASNR = -30 dB
SNR =-20dB
#SNR =-10 dB

Reconstruction performance

Target number

Figure 9. The reconstruction performance with different numbers of targets.
7. Conclusions

In the bistatic MIMO radar, the DOD/DOA estimation problem with mutual coupling effect
between antennas has been addressed. After formulating the system model, the iterative method
based on CS has been proposed to exploit the sparsity of targets in the detection area, where the
estimation for DOD/DOA and mutual coupling has been polished by solving the off-grid problem.
Then, the corresponding CRLBs for the parameters including DOD/DOA, mutual coupling matrices,
and scattering coefficients, have been derived. Simulation results show that the proposed estimation
method can approach the CRLB and achieve the better estimation performance than the traditional
methods. Further work will focus on the estimation of moving targets in the MIMO radar system with
mutual coupling.
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Appendix A. The Derivations of Complex Vector and Matrix

Lemma A1. With both the complex vectors (u € C**1, v € C"*1) and the complex matrix A € CM*P being
the function of a complex vector x € CN*1, the following derivations can be obtained [33]

outly  po(w*)  pov
x Y Tax ' (A1)
A oA pale AL a2 (A2)

ox  |dxg axo"" " 9xy ox,”
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Proof. i
oully ~ [ouMv ou'lo oully
dx L axo ! E)x1 ! ’axN_1
_ [oENSg upom 9L 0 }
9x 0xy !

(A3)

\
—~
—
QO
=
*

CC el O
oxg T Tox, oxg" " ox,”
a(”)+uHaj

ox ox’

With A and u being the function of x, we can obtain the entry in m-th row and n-th column of
0Au

=old

—— as
ox b1
d[Au],  9X,Zo AmpUp
ox, Xy,
P19 ou
= Z axmpup + Amp axp
p=0 n " (A4)
_ Ta[AT]m [ T]Tal
ox;, " Ax,,
0A Ju
A
so the n-th column of BAJ is
dx
JdAu JA Ju
[ ox Laxn”‘LAaxn’ (A5)
and
J0Au JA Ju JA ou
ax—|:axou aixo,...,au—FAaxn,... (A6)
O
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