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Introduction

Multiple-Input Multiple-Output (MIMO) radar has
the capability to simultaneously transmit and receive
multiple orthogonal waveforms to improve radar
performances [1, 2]. The unique structure of MIMO
radar, as shown in Fig.1, allows transmitting
waveform and signal processing to be optimized to
achieve a better radar performance in various areas.
Multiple matched filters are used at the receiver for
each antenna element to exclusively receive the
waveforms transmitted by each element. It has been
demonstrated that virtual transmitting and receiving
beams can be formed to achieve an optimum signal-
to-noise ratio (SNR) in target detection, through
digital signal processing at the receiver using
arbitrary  transmitting waveforms. The actual
transmitting antenna beam can be optimized to
minimize the radiation power in any direction (or all
directions) to achieve a low probability of intercept
(LPI) property, without degrading target detection
performance. In previous work involving MIMO
radar virtual beamforming systems, only SNR and
white noise were considered for target detection
performance evaluation. However, for some
applications such as ground moving target detection,
using airborne assets, ground clutter interference is a
much more serious threat for reliable target
detection. In this work, the MIMO system is further
investigated for clutter rejection as well as waveform
design for optimizing the actual radar radiation
pattern.

Clutter and Target Models for MIMO Radar

Consider a MIMO radar with L transmitting antenna
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elements and the transmitting waveform is assumed
to be

s:[ej%ej(/’z _,,ejpr]T (1)
where ¢, is the initial phase of the waveform
transmitted at element I,(1<1<L). It is assumed that
the MIMO radar system operates with a low pulse
repetition frequency (PRF) such that there is no
range ambiguity for the echoes. For clutter patch i in
the clutter ring shown in Fig. 2, the relative time
delay vector from the L antenna elements to the
clutter patch is

.

d,=[07, 7, 7 4] (2
and the transmit and receive steering vectors for the
clutter patch in the conventional sense are:

Vit =[l e_la)rll e—la)fuz ._.e_JwriL—l ]T (3)
and

Vir =[1 e_J[UTII e—JfUTuz '._e_la)rlLfl]T . (4)
The MIMO radar steering vector for the i-th clutter
patch is:

Vi =V OV,
where ® denotes the Kronecker product.
Considering the initial phases of the transmitted

®)

waveforms , one may define the MIMO radar
echo of the i-th clutter patch in Fig. 2 as:

Lei = %Vis (6)
where

v, =[diag(s)v,]® v, @)

and « is a random complex echo magnitude from
the i-th clutter patch. If the number of clutter patches
in a clutter ring is N, the received clutter for the
clutter ring is given by:

N N
Le = ZXci = Zacivi . (8)
i1 i1



The random complex magnitudes of clutter patches
are assumed to be independent and identically
distributed (iid) and therefore, it follows that:

E{aia;} =&0_; ©)
Accordingly, the clutter covariance matrix of the
clutter ring is:

N
H
R, = Zéivivi
i=1
The relative time delay vector from L antenna
elements to the target is assumed to be:
T
d =[07, 7, 7] (11)
The target transmit and receive steering vectors are

respectively:
V, = [1 e 1ot gmiote | gmloTia ]T

(10)

(12)
and
Vv, = [1 e ot gmlote | gmlomua ]T (13)

The expected target signal vector received from the
matched filter outputs in Fig. 1 is determined by:

t=¢[diag(s)v,]®v, (14)
where ¢, is the random complex target signal
magnitude with its power is given by:

E{]at|2} = Sgt (15)
However, in most cases for MIMIO radar with
closely-located antenna elements, the target signal
may be considered to be deterministic with an
unknown amplitude and phase.

Signal Processing and Waveform Optimization

The optimal signal processing is to design the best
digital filter coefficient vector w in Fig. 1 to
maximize the output target signal-to-interference
plus noise ratio (SINR). Because the clutter and
receiver noise are uncorrelated and considered to be
zero-mean Gaussian distributed, the covariance
matrix of the clutter and noise at the outputs of the
matched filters in Fig.1 is given by:

R=R,+R, =R, +0’1 (16)
where ois the receiver white noise variance and I

is the unit matrix of size L?xL2.

With both clutter and noise assumed to be Gaussian-
distributed, the maximum likelihood ratio test can be
applied to determine the best target detector. Hence,
the optimal filter coefficient vector is obtained as:

w=kt"R™, (17)
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where k is a constant, normally defined as
w =1/(t"R™t). Accordingly, the final output for
the MIMO radar shown in Fig. 1 is given by:
t"R'x

t"R't

An important metric for radar clutter rejection
performance evaluation is Signal to Interference plus

Noise ratio (SINR) improvement factor (IF), defined
as:

A=w'x= (18)

_ SINR,
SINR SINR '

where SINR, is the SINR at the final output and
SINR; is the SINR for each channel at the output of

the matched filters in Fig. 1. The SINR improvement
factor can further be expressed as:
[ j (20)

iE _SINR, _E |W'tf

TSINR, wHRMw
The initial phases of the transmitted waveforms do
not directly affect the target detection results
because the phases can be compensated for through
the digital filtering process. However, the phases of
the transmitted waveforms affect the actual
transmitted beam patterns. In order to achieve a low
probability of intercept (LPI) property, we can
choose the phases of the transmitted waveforms to
make the radiation power of the physical antenna
beams to be roughly uniform in all directions.
Previous work has demonstrated that by making the

waveform phases uniformly distributed in (0,27),

the formed antenna beam radiation power is roughly
uniform in all directions.

(19)
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Simulation Results

The proposed approach is simulated based upon the
MIMO radar configuration shown in Fig. 1, with a
linear antenna array consisting of 16 elements,

uniformly spaced at half-wavelength (1/2). The

carrier frequency is 450 MHz. The distance from the
radar to the range ring is 100km. The clutter-to-noise
ratio (CNR) prior to signal processing is 40dB and
the signal-to-noise ratio (SNR) is 0dB. The target is
fixed in the direction of 0° on the range ring. The
clutter patch is located on the same range ring with
an extension of 1° in azimuth. When the location of
the clutter patch is changed from 1° to 360°, the
performance of the SINR improvement factor, after



the MIMO clutter rejection processing, is shown in
Fig. 3. The results shown in Fig. 3 indicate that the
clutter can be almost completely eliminated through
the MIMO clutter rejection processing proposed in
this work, except when the clutter patch is very close
to the target. Because the processing is only
performed in the space domain, when the clutter
patches exist simultaneously in all directions, the
total removal of all clutter is not feasible.

The initial phases of the orthogonal waveforms used
to generate our simulation results in Fig. 3 are
randomly and uniformly chosen from a value
between 0 and 2z. Subsequently, the actual radiation
beam pattern of the MIMO radar is shown in Fig. 4.
Even the maximum radiation power is limited under
a certain value in any direction to minimize the
probability of radar signal interception, the best
target detection and clutter rejection performance is
still achieved.
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Fig. 1 Basic structure of MIMO radar processor
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Fig. 2 Clutter patch i in a clutter ring for MIMO
radar operation
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Fig. 3 Signal-to-interference plus noise ratio
(SINR) improvement factor for clutter at different
angles
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Fig. 4 Actual radiation beam pattern generated
by the transmitted waveforms to achieve LPI

property
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