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ABSTRACT

We address the problem of terrain-scattered jammer suppres-
sion in multiple-input multiple-output (MIMO) radar using
space-(fast) time adaptive processing (SFTAP). The correla-
tion function of jamming components after matched filtering
at the receiving end of MIMO radar is derived, and its relation-
ship to the correlation matrix of the transmitted waveforms
is established. This correlation function serves as a theoreti-
cal measure of evaluating the matched filtering effect on the
received jamming signals. We propose a minimum variance
distortionless response (MVDR) type SFTAP design by tak-
ing into account the factors of waveform-introduced range
sidelobes and cold clutter stationarity over different pulse in-
tervals. A closed-form solution to this design is derived by
means of the method of Lagrange multipliers. We also pro-
pose a relaxed SFTAP design by modifying the constraints
of the MVDR type design. Both proposed SFTAP designs
can support further slow-time Doppler processing procedure.
Simulation results show the validity of our SFTAP designs.

Index Terms—Jammer suppression, MIMO radar, space-
(fast) time adaptive processing (SFTAP).

1. INTRODUCTION

The multiple-input multiple-output (MIMO) radar has become
a research field of significant interest in recent years [1]-[12].
Many benefits enabled by MIMO radar such as improved pa-
rameter identifiability and angular resolution [1], extended
array aperture by virtual sensors [4], and increased opportu-
nities for clutter and jammer mitigation [5], [13]-[15] have
been explored. One of the most important factors that con-
tribute to these benefits is the significantly increased number of
degrees of freedom (DOFs) [4], which motivates researchers
to use this characteristic in various classic topics that have
been studied for phased-array radar. The terrain-scattered or
diffuse jamming multipath suppression [16]-[20] in the pres-
ence of backscattered radar ground clutter (i.e., cold clutter)
is an important example of such research topics. Jamming
signals can be scattered off greatly when the surface of the
ground region becomes diffuse, which results in strong corre-
lations of jamming signals over fast-time domain. Therefore,
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fast-time processing or space-time adaptive processing (STAP)
techniques [21], [22] are needed.

Since pure mutual orthogonality of multiple waveforms
does not exist in MIMO radar [10], [12], it is necessary to
study the effect of matched filtering on the received jamming
signals before applying STAP techniques. Despite of the op-
portunity introduced by the extra DOFs, MIMO radar also
faces the challenge of significantly increased computational
burden. Therefore, it is worth developing proper STAP tech-
niques for MIMO radar. Three-dimensional STAP dealing
with joint clutter mitigation has been studied in [15]. Here we
develop two-dimensional space-(fast) time adaptive processing
(SFTAP) techniques for jammer suppression, through which
the cold clutter stationarity can be maintained.

In this paper, we study the problem of terrain-scattered
jammer suppression using SFTAP approach and derive a cor-
relation function of the match-filtered jamming components
which establishes relationship to the correlation matrix of the
transmitted waveforms. This correlation function can serve
as a measure of evaluating the matched filtering effect on the
received jamming signals. We consider two important factors
including range sidelobes resulted from the actual transmit-
ted waveforms and the cold clutter stationarity over different
pulse intervals. For a certain pulse, we null the range sidelobes
resulted from the transmitted waveforms towards the target
direction, and enable the stationarity of the output cold clutter
by enforcing its output power to be equal to that of the starting
pulse. Based on this idea, a minimum variance distortionless
response (MVDR) type SFTAP design is proposed. We derive
a closed-form solution to the design utilizing the method of
Lagrange multipliers. Considering that a closed-form solu-
tion does not always exist, especially when the weight vector
subspace defined by the constraints of the design is empty,
we propose an alternative SFTAP design by relaxing equality
constraints into inequality ones.

2. SIGNAL MODEL

Consider a colocated MIMO radar system equipped with a
transmit array of M antenna elements and a receive array of
N antenna elements. Both arrays are assumed to be closely
located so that they share an identical spatial angle for a far-
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field target. Let ¢(t) £ [¢1(2), ..., o (t)]" be the M x 1
vector that contains the complex envelopes of the transmitted
waveforms ¢;(t), i = 1,..., M for a given fast time ¢ where
()T is the transpose operator. Each waveform has unit energy
over the whole pulse duration 7},. The general model for the
N x 1 vector of the receive array observations at the fast time
t within the 7th pulse can be expressed as

x(t,7) =%4(¢, 7) + xc (8, 7) + %5(¢, 7) + % (¢, 7) (D)
where the components on the right hand side, which are all
N x 1 vectors, denote the received signals of the target, clutter,
jamming, and noise, respectively. These components are gen-

erally uncorrelated to each other. The target and backscattered
radar clutter are expressed as!

x¢(t,7) = \/foztDt( ) (@™ (6s)p(t — o)) b(6:) 2)

o(t,7) \/7252

respectively, where F is the transmit energy, (j is the fast-
time delay of the range of interest which is separated into N,
patches, 6; and 6; are spatial angles of the target and the ith
clutter patch, respectively, o, and &; are the complex reflection
coefficients of the target and the ¢th clutter patch, respectively,
Dy (7) and D;(7) are respectively the Doppler shifts of the
target and the ith clutter patch, and a(#) and b(f) are the
transmit and receive antenna array steering vectors for a spatial
angle 0, respectively.

Lets;(t,7), j =1,...,J be the jamming signals, each of
which is assumed to be independent of the others and propa-
gated through P independent propagation paths (enabled by
diffuse scatters) generally including the direct, specular, and
diffuse ones. Then the vector of received jamming observa-
tions can be expressed as

J P
= Z Z Bjps;(t
Jj=1p=1

where (, is the fast-time delay associated with the pth prop-
agation path, j3; ,, is the magnitude of the reflected jamming
signal, and ¥ , is the corresponding spatial angle, both associ-
ated with the pth propagation path due to the jth jammer. The
received noise component Xy, (¢, 7) is assumed to be white and
Gaussian distributed.

After matched filtering the received data x(¢, 7) to the M
transmitted waveforms at the fast-time index ¢ and stacking the
filtered outputs into one column vector, the resulting M N x 1
virtual data vector y (¢, 7) can be obtained as

yv(¢,7) = vec <prx(t, 7)¢H(t — C)dt)
£ yt(C7 T) + yc(<7 T) +Y; (Cv T) + yn(C7 T) (%)

IWe assume here that the cold clutter signal is stationary for a given range
bin and the information of target signal is perfectly known or detectable. The
case that their distortions due to strongly glistening surface occur (see for
example [23]), and hence requires robust processing [24], is not considered.

(0:)p(t — Co))b(0:) (3)

Go — Cps T)b(ﬁj’p) )

where the filtered target, clutter, and jamming components
v+(¢,7), ye(¢,7), and y;(C, 7) are respectively expressed as

yi((,7) = \/fatDt( )(R¢(C) a(6;)) ® b(by) (6)

\/>Z@

y; (¢, 7) —ZZ@MNC,) b(¥,) (8)

j=1p=1

(©)a(8:) @b(8:;) (D

with the M x M waveform correlation matrix R (¢) and
the M x 1 match-filtered vector m; (¢, 7) that is asso-
ciated with the pth propagation path of the jth jamming
signal deﬁned as Ry (¢ fT H(t — ¢+ ¢o)dt and

Mp(C,7) = fT s;(t — Cpy T )¢ ( ¢)dt. Moreover,
yn(¢,7) £ Vec(prXn C, )(,Z')H(t— C)dt). Here (+)", ()H,

®, and vec(+) are conjugate, Hermitian transpose, Kronecker
product, and stacking operators, respectively.

3. JAMMER SUPPRESSION VIA SFTAP

We first derive correlations of jamming signals after matched
filtering in order to show that the match-filtered jamming com-
ponents with respect to a certain transmitted waveform in
MIMO radar are correlated to each other over fast-time do-
main. This characteristic can be used by SFTAP techniques for
the terrain-scattered jammer suppression. Then we present two
SFTAP designs for jammer suppression, where the waveform-
introduced range sidelobes and stationarity of cold clutter over
different pulse intervals are both considered.

3.1. Correlations of Jamming Components

Let us consider the commonly used barrage noise jamming
signals, i.e., s;(¢,7), = 1,...,J are mutually independent
stationary white random processes which satisfy
IE{Sj (t7 T)S;' (tl7 TI)} = Sj (fc)(sjj’(s(t - t/)(s‘rr’ )
where S;(f.) is the jamming power spectral density at carrier
frequency f., d(-) and d; ;- (also d,.) are Dirac and Kronecker
delta functions, respectively, and E{-} is the expectation oper-
ator. New subscript j' and parameters ¢’ and 7/ are introduced
in (9) in order to distinguish from j, ¢, and 7, respectively,
First, we perform correlation analysis on the match-filtered
vector 1 (¢, 7) in (8) which is the only term that determines
the correlation property of the jamming component. The M x
M correlation matrix of n; ,(C, 7) can be derived as
R}, (G T 2 E{n, (¢ g (7))

7,p,3"\p’

=E{[f7,55(t = Co = Gps T)s5r (u = Go — G ')
x ¢*(t = Q)" (u — ¢)dtdu}
= Si(fe)8;5 6 R ((p — G + ¢ = ¢+ Co)- (10)
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For a certain jamming signal and an identical pulse, the cor-
relation matrix (10) is guaranteed to be nonzero on condition
that the term ¢, — ,» + ¢’ — ¢ equals zero. Based on (10)
and also using (8), the M N x M N correlation matrix of the
jamming signal can be derived as

RJ (<7 C/a T, T/) = ]E{yj (Ca T)yjH(gla T/)}

J J P P
=SSN BBy R, (G T )
j=1

J'=1p=1p'=1

® (b(ﬁj,p)bH(ﬁjﬂp’))

J P P
= S5j(fe)orr Z Z Z ﬂjvpﬁ;,p’
j=1p=1p'=1
X Rg(Cp G+ =+ ) ® (b(ﬁjm)bH(ﬁj,p’))'

Note that the relationship between the correlation matrix
of transmitted waveforms and that of jamming signals after
matched filtering is established in (11). Thus, the effect of
matched filtering on jamming signals can be measured by
(11). Indeed, the correlation property of jamming signals over
fast-time domain is not destroyed by matched filtering, and
their correlation levels depend on the occurrence frequency of
multipath. Due to the correlations in both fast-time and spatial
domains, jamming signals can be suppressed using proper

SFTAP designs which will be presented in the following.

an

3.2. SFTAP Designs

Let us assume that () fast-time taps (i.e., range bins) are avail-
able. We stack all the () taps of data vectors associated with
the 7th pulse, namely, y(¢,7), ¢ = (o,...,( + Q — 1 (see
(5)), into an M NQ x 1 virtual data vector y(7), i.e.,

vy 2 [y Gor) o ¥ (G +Q-1,7)]" (12
= yi(7) +ye(7) + ¥3(7) + yu(7) (13)
where y(7), y(7), yj(7), and y, (7) are formed by means of
the same stacking way as y(7) in (12).
Using (13) and realizing that clutter, jammer, and noise
signals are independent of each other, the M NQ x MNQ
target-free covariance matrix of y(7) can be expressed as

Ry (1) 2 E{ye(r)ye (1)} +E{y;(1)yj (1)}
+E{ya(r)yy (1)}

=R(T)+Rj+ Ry £ R(7) + Rjn  (14)

where R.(7), R;, and R,, are covariance matrices of clutter,
jamming, and noise signals, respectively, and R, £ R;+R,.
Note that only the clutter covariance matrix depends on the
slow-time index 7. Jamming covariance does not depend on 7
due to the result of (11). We refer readers to [17] (and refer-
ences therein) for practical estimation of covariance matrices.
For the 7th pulse, the SFTAP aims at finding an adaptive
filter which minimizes the output interference power with-
out attenuating that of the target so that the output signal-to-
jammer-plus-noise ratio (SJNR) is maximized. The key issue

lies in the stationarity of cold clutter over different pulse in-
tervals after processing. Well maintained clutter stationarity
enables direct application of slow-time Doppler processing.
Realizing this, we propose the following SFTAP design, i.e.,

gl(ig wi (TR w(7) (152)
st wi(T)sy(6) =1 (15b)
w (7)Re(T)w(r)
WO R(r)w(0) ' (159
wi(7)@(,0:) = 0 (15d)

where s¢(6;) is the M NQ X 1 target steering vector, w(0) is
the MNQ@ x 1 adaptive weight vector for the first pulse (in-
dexed by 7 = 0), and (o, 0;) 2 [0,uT (o +1,6;),...,
ul(¢o+Q —1,6,)]" with u(¢,6,) defined as u(¢,60;) =
(R(¢)a(6:)) @ b(6). Note that (15) deals with the SFTAP
design problem for each transmitted pulse since the Doppler
information of clutter signals changes over slow-time domain.
The constraint (15¢) ensures to keep the cold clutter station-
arity, and (15d) accounts for the attenuation of sidelobes at
range bins other than the one where the target is located.

Let v(Co,0;) 2 [se(6y),0(Co,0;)] and e 2 [1,0]". Us-
ing the method of Lagrange multipliers, the solution to the
optimization problem (15) can be derived as

w(T) = (Rjn + ARc(7)) ' v(Co, 02) (VI (Co, 02)

X (Rin + ARe(7)) V(G0 0)) e (16)
where ) is determined by the smallest eigenvalue of the matrix
R."?(7)RuR:*(1)/ (W (0)Re(7)w(0)). The solution
(16) exists on condition that the subspace of adaptive weights
defined by constraints of (15) is nonempty. Consequently, A
should guarantee the existence of the matrix inverse in (16)
and also this matrix should not be indefinite.

In practice, we can relax the latter two constraints of (15).
One way is to upper-bound the difference between roots of the
nominator and denominator in (15¢), and meanwhile keep the
range sidelobe levels towards the target direction lower than
areasonable level. The corresponding relaxed design can be
cast as the following optimization problem, i.e.,

vr‘fll(lTI; wi (T Rjnw(7) (17a)
st wi(T)s(6y) =1 (17b)
IwH(r)RY2 (1) = wHO)RY2(7)| < e (170)
[wH(r)@(Co, 0:)| < v (17d)

where € > 0 is the parameter that bounds the adaptive output
of clutter distortion caused by the achieved weight vector w(7)
as compared to the w(0), v > 0 is the parameter of user choice
that characterizes the worst acceptable range sidelobes towards
the target direction, and || - || and | - | denote the Euclidean
norm and the absolute value, respectively. Note that (17) is
convex and can be efficiently solved. For given value of +, the
feasibility of (17) can be guaranteed if € > €,;, Where €y, 1S
the minimum value of the output clutter distortion associated
with the calculation under constraints (17b) and (17d).
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Fig. 1. SINR performance versus taps.
4. SIMULATION RESULTS

We use uniform linear arrays equipped with M = 8 transmit
and N = 8 receive antenna elements spaced half a wavelength
apart from each other. The transmit energy is set as ' = M,
and the moving speed of the radar platform is 125 m/s. Each
radar coherent processing interval is assumed to consist of 10
pulses. We consider the scenario that P = 19 diffuse mul-
tipath due to the presence of J = 1 jamming source occurs,
and the multipath is uniformly distributed within [—9°,9°].
Both the jammer-to-noise ratio (JNR) (for each path) and the
clutter-to-noise ratio (CNR) are assumed to be 30dB. The
signal-to-noise ratio (SNR) of the target located at the spatial
direction 6y = 0° is 0dB. We utilize 4 sets of unimodu-
lar waveforms including the polyphase-coded (PC) [25], the
cyclic algorithm (CA)-based, cyclic algorithm new (CAN)-
based, and weighted cyclic algorithm new (WeCAN)-based
waveforms [7] to evaluate the performance of the two proposed
SFTAP designs. The code length of each waveform is 256. We
select parameters € = 0.2 and v = 0.001 for the design (17).
The CVX MATLAB package is used to solve the optimization
problems (15) and (17).

In our first example, we evaluate the output SINR per-
formance versus the employed number of temporal taps for
different waveforms. It can be seen that the output SINR per-
formance improves when the number of employed fast-time
taps is increased. The case with one single temporal tap, i.e.,
the suppression without fast-time processing, shows the worst
SINR performance (less than —35 dB), meaning that fast-time
processing is vital for the suppression of jamming signals. For
either of the two SFTAP designs, it can be seen that the out-
put SINR performance differs with respect to different sets
of waveforms, and the largest performance gap for a certain
number of temporal taps goes larger than 6 dB. This indeed
verifies the effects of matched filtering on jammer suppression
in the context of different sets of waveforms. It can be seen
that the PC and CAN-based waveforms (which show similar

=—©—PC, Design |
| —&—PC, Design Il
=—CAN, Deisgn |
CAN, Design Il
8t ——CA, Design |
CA, Design Il
WeCAN, Deisgn |
——WeCAN, Design Il

Output SCNR (dB)
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Normalized Doppler frequencies

Fig. 2. SCNR performance versus normalized Doppler.

SINR performance) outperform the other two sets of wave-
forms. For a certain set of waveforms, it can be seen that the
SFTAP design (15) generally outperforms the design (17).

In our second example, we evaluate the output signal-
to-clutter-plus-noise ratio (SCNR) performance of slow-time
Doppler processing, i.e., adaptive processing after applying
the proposed SFTAP designs. We employ 12 temporal taps for
both SFTAP designs, and select other parameters to have the
same values as the previous example. The remarkable result
of this example is that the SFTAP designs associated with dif-
ferent sets of waveforms show similar slow-time Doppler pro-
cessing performance, i.e., the slow-time Doppler processing
which follows the jammer suppression over fast-time domain
is no longer sensitive to the employed waveforms, and both SF-
TAP designs show almost the same output SCNR performance.
This example verifies that the stationarity of cold clutter is
well maintained by the proposed SFTAP designs.

5. CONCLUSION

We have addressed the problem of terrain-scattered jammer
suppression in MIMO radar utilizing SFTAP techniques. The
correlation function of match-filtered jamming components
has been derived, which establishes connections with the cor-
relation matrix of the transmitted waveforms. It serves as a
measure of evaluating the matched filtering effect on the re-
ceived jamming signals. We have proposed an MVDR type SF-
TAP design in which the waveform-introduced range sidelobes
towards the target direction and the cold clutter stationarity
over different pulse intervals have been considered. A closed-
form solution to the proposed design has been derived. We
have also proposed a relaxed SFTAP design by replacing the
equality constraints of the MVDR type design with inequality
constraints. The proposed SFTAP designs have shown the
ability to maintain cold clutter stationarity and further sup-
port slow-time Doppler processing. Simulation results have
verified the validity of the proposed designs.
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