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Abstract: In this paper, we consider the signal model
and parameter estimation for multiple-input
multiple-output (MIMO) radar with colocated
antennas on stationary platforms. Considering
internal clutter motion, a closed form of the
covariance matrix of the clutter signal is derived.
Based on the proposed closed form and low rank
property of the clutter covariance matrix and by
using the singular value decomposition, we have
proposed a subspace model for the clutter signal.
Following the proposed signal model, we have
provided maximum likelihood (ML) estimation for its
unknown parameters. Finally, the application of the
proposed ML estimation in space time adaptive
processing (STAP) is investigated in simulation
results. Our ML estimation needs no secondary
training data and it can be used in scenarios with
nonhomogeneous clutter in range.

Keywords: Multiple-input multiple-output (MIMO)
radar, Clutter covariance matrix (CCM), Maximum
likelihood (ML) estimation, Space time adaptive
processing (STAP).

I. INTRODUCTION

Multiple-input multiple-output (MIMO) radar concept has
received great attention in recent years (see [1]-[12]). MIMO
radars emit multiple orthogonal probing waveforms through
multiple transmit antennas and receive the echoes reflected by
the target by multiple receive antennas. Based on the array
configurations used, there are two types of MIMO radar. The
first type employs widely separated transmit/receive antennas
to capture the target’s radar cross section diversity and
detection diversity gain [3]. The second type of MIMO radar
uses closely spaced transmit/receive antennas, which can
provide higher spatial resolution [11], better parameter
identifiability [12] and possibility of direct application of
adaptive array techniques. In [16], the signal model and
moving target detection for widely separated MIMO radar in
spatially nonhomogeneous clutter have been considered.

In this paper, we focus on the latter type, henceforth referred
to as colocated MIMO radar. We develop a signal model for
colocated MIMO radar on a stationary platform. Our signal
model includes the target, clutter and noise signals. The
closed form of the clutter covariance matrix is derived
without any secondary training data. For MIMO radars with
space-time adaptive processing, one big concern is the clutter
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rank [15]. The low rank property of the derived closed form
clutter covariance matrix is verified by computer simulations.
We then develop a subspace model for the clutter signal
which is based on singular value decomposition of clutter
covariance matrix. The unknown parameters of the signal
model are estimated by maximum likelihood estimation. The
estimated clutter covariance matrix is calculated based on the
received signal in one range bin of interest and requires no
secondary training data. Therefore, the proposed signal model
and parameter estimation can also be used in a scenario with
nonhomogeneous clutter in range. We also investigate the
application of proposed ML parameters estimation in MIMO
STAP. In homogenous clutter environments, STAP needs
2MNL secondary range bins to have an acceptable SINR
performance. Thanks to the prior structure knowledge of the
derived covariance matrices, an SINR performance that is
close to SINR performance with perfect interference
covariance matrix is achieved while there is no need to
secondary data.

Matrices and vectors are denoted by uppercase and lowercase
bold letters, respectively. E{.}, ()T and (.)¥ stand for the
statistical expectation, transpose and Hermitian transpose,
respectively. Identity matrix and Kronecker product are
represented by I and &), respectively.

The remainder of this paper is organized as follows. The
signal model is introduced in Section 2. In Section 3, we
propose the ML estimation of model’s unknown parameters.
Section 4 contains numerical results. Finally, conclusions are
drawn in Section 5.

II. SIGNAL MODEL

Consider a colocated MIMO radar on a stationary platform
with M transmit antennas and N receive antennas, as shown
in Figure 1. The transmit and receive arrays are with d; and
dp separation between two adjacent array elements,
respectively. The mth transmit antenna emits ¢,,(t),m =
0,1,...,M —1 which satisfies the orthogonal waveforms
condition

1 m=m

fy om@en@de={; "2 )

where Tp is the radar pulse width. The signal received by the
nth receive antenna can be written as
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where a is the zero mean circular complex Gaussian
amplitude of the signal reflected by the target, E is the total
energy of the transmitter, T is the time delay of the range bin
of interest, f; and 6; are the Doppler frequency and the
viewing direction of the target, respectively, A1 is the
wavelength of the carrier signal, N is the number of clutter
patches, a.; is the zero mean circular complex Gaussian
amplitude of the signal reflected by the ith clutter patch, f;
and 6. ; are the Doppler frequency and the viewing direction
of the ith clutter patch. The internal clutter motions induced
by, e.g., wind affecting a forest or grassland, make that clutter
signal has Doppler frequency. It is assumed that f; i =
1,2, ..., N are independent Gaussian random variables [14]
and are also independent from their corresponding angles
0.i,i =1,2,..,Nc. The internal clutter motions limit the
performance of radar in detection of targets with low radial
velocity especially in low pulse repetition frequency radars.
wy(t) is the complex Gaussian noise in the nth receive
antenna output.

In a MIMO pulsed radar, the receive antennas collect L pulses
in a coherent processing interval (CPI). Each receive antenna
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separates components of the transmit signals using M
matched filters.

Kimm = f r(t + T () dt
Tp

2T .
EeJanle j7-(mdr+ndg)sinér

=a
Nc—-1
+ Z a”\/:ennfc,lr Jl(mdr+ndR)sm9c1 +
zlmn,l—Ol L-1m=01,...M—-1;
n=20,1, ...,N —1. 3)

where T is the radar pulse repetition interval and z, ., ,, are the
samples of complex Gaussian noise. Stacking the samples, the
NML vector is obtained as

X = [xo,o,m X0,0,17 =+ 1 X0,0,N—17 *++» xL—l,M—l,N—l] )

The received vector can be expressed as
E
X = a\/% Smimo (fa, O7) +
Nc—-1 E
Yiso ac,i\/% suimo (feir 0ci) + 2. ()

where  Spyuo(f,0) = d(f)®a(0)®b() is the MIMO

steering vector and
2T . .
|(a(6) = [1 elTarsimé o
{b(G) _ [1 ejZTHdRsinB ejZTHdR(N—l)sinG]T. 6)

d(f) = [1 el2nfTo eJ'Zﬂf(L—l)To]T

T
2TndT(M—l)sin@]

are the transmit and receive steering vector and Doppler
steering vector, respectively.

STAP is a powerful approach to extract the signal of interest
(SOI) in a spatially and frequency selective way in the
presence of interferences such as clutter and noise. The main
goal of an STAP algorithm is to maximize the signal to
interference ratio (SINR). The output of a space-time
adaptive processor is given by

y = whix. @)

where w is the vector of STAP weights. The optimum weight
vector can be obtained by
1

Ri'syimo (fa, 7). (8)

= sHimofa8TIR Ismimo (fa.01)

The covariance matrix R = E{xx"} can be expressed as
R=R;+R; =R; +R; + ¢?L 9)

where Ry is the covariance matrix of the target signal, R; is
the interference covariance matrix, R, is the clutter
covariance matrix and ¢ is the variance of the noise. The
covariance matrix of the target signal can be expressed as

2E
Rr = %SMIMO(fdﬂ GT)SI\I./IIIMO (fa, 07). (10)
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where o2 is the variance of the signal reflected by the target.
To compute the covariance matrix of the clutter, we assume
that a.;;i =0,1,...,N; are zero mean independent random
variables with variance 62, and the clutter patches are
distributed uniformly in azimuth angle which means that
6.~U(0,2m) and Doppler of each clutter patch is a zero mean
Gaussian variable with variance ofz. @i, fei and O;; are

independent random variables, therefore
2
o¢E

Nc-1
Re =35 Ero, ASmmo(fei 0ci)Stimo (fei i) }-(11)
Ifri‘j; i,j=0,1,..., NML — 1, is the value of element ith row

and jth column of R, then
Nc—-1

2
oE . /
— j2nfci(1-1)To
TntmN-+IMNn' +m/ N+I'MN = 7 Z Efc_i{e et }
i=0

% ]Egc'l. {ejZTE((m—m’)dT+(n—n’)dR)Sinecli}.

(12)

The covariance matrix of the clutter can be computed by
some straightforward calculations:

Nco2E
Re = [Mnomysimnn’ e vevmn] = TR

[o 2710 )y (22 (Gm = ey + (n =) )] 13)

where J,(.) is the zeroth order Bessel function of the first
kind.

Since the clutter covariance matrix usually has a small rank
[15], despite of high clutter power, the clutter signal has a
good signature in observation space and STAP can suppress
interference signal effectively. In Figure 2, the rank of clutter
covariance matrix versus total dimension of MIMO steering
vector has been simulated based on the closed form in
Equation (11). To obtain the rank of clutter covariance
matrix, the threshold, 0.01 largest eigenvalue, is used. It is
clear that the STAP pulse number in a CPI is greater than one;
L =1 is plotted in Figure 2 as worst case. The low rank
property is degraded by increasing d/djp.

III. PARAMETER ESTIMATION

The clutter component of the received signal

- E
c=X15 ag \[%smm(fc,i. 0e,)- (14)

falls within a subspace which is expanded by the columns of a
matrix U € CVMLXK, K < NML, therefore the clutter signal
can be expressed as a linear combination of the columns of
the matrix U:

c = Up. (15)
where p denotes the K X 1 unknown complex coefficient
vector associated with the clutter component of the received
signal.

E-ISSN: 1998-0159

Volume 16, 2022

50~

: e dT/dR=1

45- L=1,dT/dR=1
: O dT/dR=2

40- L-1, dT/dR=2

w
<
S

~
O
= 30; 07
-
~ O
o 25- 0.9...89
O [O)Ne)
-~ : o} [eX{e! es000@ie
£ - o om0 Te0 0o © 1810
& ¥ oo’ 8 hi o o o
: 080T 0 © eececes com o o o .
15- O- "o o ) .
; o eees 0 VeYT %
: cescen’e e
: Bk
: 0% O
10+
5= /20
02 B B (U Lo i
0 50 100 150 200 250

dimension of Re (NML )

Figure 2: Rank of the covariance matrix of the clutter versus
NML when N=M.

R can be expressed by singular value decomposition as
RC == UcACug (16)

where U, and A, are the eigenvector matrix and eigenvalue
matrix, respectively. A, is a NML X NML diagonal matrix
which has only K, < NML significant elements. To
determine the matrix U, we can use the K = K, columns of
U which are corresponding to the K- largest eigenvalues.

[Uc Ac] = svd(Re)
{ U=U.(;,1:K) (17)
The MIMO radar signal can be modelled as
X= a\/gsmmo(fr: 6r) +Up + z. (18)

We assume that f; and 87 are reported to the radar by another
radar system. The target parameter @, clutter parameter p and
noise parameter o2 can be estimated from the received signal.
According to the MIMO radar signal model, the log-
likelihood function can be expressed as

L(x;a, f4,07,p,02) = —mNMLo?

X— a\/%SMIMO(fd' 6r) — Up

2

> . (19

where ||x|| denotes the vector 2-norm.
The estimation of noise variance can be computed by

oL(x; a, fy, 07, p,02) /352 = 0. (20)
which leads to ,
Gy =i X_a\/gSMIMO(fdﬂgT)_Up . (21)
Therefore,
L(X;a'fd'er,P»ﬁzz)=—NML— )
NMLIn (ﬁ X—a \/g Symo (f 67) — Up ) (22)
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Offline processing

N.cZE
M

R¢ = [rn+mN+lMN,n'+m'N+l'MN]

[e—z(mfa—z'))z Jo (27” ((m—mdr + (n - n')dR)>]

- [Us Ac] =svd(Ry) » U=U.(:,1:K)

Generate input vector x from received signal

Online processing

SIIl-/IIIMO (fa, 6r)A = uuf)x

~ |&|2E
- R; =

_|m
“= |E

Sumo (far GT)SAP/IUMO (fa, 07)

stimo (fa, 07) A = UUM) sy (fa, O7) M
[|A0|2 0 0 ]
>p=U" _AE 0 R —UI 0 |.51|2 0 : lUH—Ud' A 12 1A |2 A 2)yH
p= X—a MSMIMO(fd' T) > Re = l . 0 0 J - lag(|p0| ’ |P1| )y |pK—1| )
0 0 |pg-al?

1
NML

2

E = A
X_a\/;SMIMO(fd'GT) -Up|| » Rz = Uzzl

Table 1: Summary of offline and online processing of proposed model parameter estimation.

To maximize L(X;a,fy, 07, p,62), the following cost

function can be minimized
2

E
G a, fq,0r,p) =[x — a\/%SMIMO(fd' 6r) — Up|[ - (23)
The ML estimation of p is given by
~ E
p=U" (X - a\[%SMIMO (far 9T)>~ (24)

Substituting the above estimation back into the cost function,
we have

H
Ci(xa, fq,0r,P) = (X - a\[g Sumo (far 9T)>

(1-uu) (X - a\/% sumo (far 9T)>~ (25)

Therefore, the ML estimate of « is given by

a= M siimo(fa.87)(1-Uut)x
E stivoFa8r)(1-UUH)syimo(Fa.01)

(26)

The estimation of MIMO radar model parameters can be
summarized as Table 1.

IV. SIMULATION RESULTS

In this section, we use numerical results to demonstrate the
performance of the proposed ML parameter estimation in
STAP. STAP processor requires knowledge of the signal
covariance matrix. In practice, it can be estimated from
secondary data. The famous Reed-Mallet-Bernnan (RMB)
result states that STAP needs approximately double overall
dimension (2MNL) sufficiently homogeneous secondary
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range bins to achieve 3dB SINR losses performance [13].
This large number of secondary data may not exist, especially
in MIMO radar. In nonhomogeneous clutter environments,
there are no sufficiently homogeneous secondary range bins.
Using the proposed ML estimation and matrix inversion
lemma, the inverse interference covariance can be estimated
as follows

Ri'=(Ro+820) =
1 . 1Pol? 1P11?
P (I — Udiag ( Fa £1

[Pol2+82 " |p112+82°

IPr—1/?

" 1pK-11? 457

) Ui, 27)

We assume a uniform linear array of M = 1,2,4 transmit and
N = 4 receive omnidirectional antennas spaced half a wave
length apart from each other which collect L = 8 pulses in a
CPI. The root-mean square of the clutter Doppler frequency
oris assumed to be 60Hz, while the pulse repetition
frequency is 3000 Hz. Figure 3 shows the SINR performance
of the STAP for SIMO and MIMO systems while their
transmit powers are equal. The SINR of the STAP with
perfect knowledge of covariance matrices is also plotted as a
benchmark. The MIMO STAP with M = 4 transmit antennas
outperforms the SIMO STAP which has M =1 transmit
antenna with four times power or equivalently four antennas
with same power as MIMO antennas.

The MIMO system has more degree of freedom to suppress
the interferences and therefore better SINR performance. In
sample based covariance matrix estimation, it needs 2ZNML
secondary range bins to have an acceptable SINR
performance. In our approach, the SINR performance which
is close to that with perfect interference covariance matrix is
achieved while there is no need to use secondary data. This is
because we have used the prior structures knowledge of
covariance matrices which have been shown in Table 1, and
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Figure 3: STAP SINR versus SNR for MIMO and SIMO
radars with clutter to noise ratio 40dB.

we estimate the unknown parameters instead of the whole
covariance matrix.

V. CONCLUSION

A signal model and maximum likelihood estimation of model
parameters for MIMO radar with colocated antennas have
been proposed. The proposed MIMO radar signal model
includes the target, clutter and noise signals. The clutter
covariance matrix has been derived analytically and based on
its singular value decomposition, a subspace model for clutter
signal has been proposed. Simulations have confirmed the
low rank property of the extracted clutter covariance matrix.
Maximum likelihood estimation for target amplitude, noise
variance and clutter coefficients has been obtained with no
need of secondary training data, and hence it can be used in
the scenarios of nonhomogeneous clutter in range. Finally,
ML estimation of environment parameters is used to obtain
covariance matrix of interference for MIMO STAP
application. Simulation results show that MIMO radar
outperforms traditional SIMO radar in SINR performance.
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