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Abstract. A cascaded reduced-dimension (RD) space-time
adaptive processing (STAP) method for airborne multiple-
input multiple-output (MIMO) radar in the presence of
Jjammers is proposed in this paper. The proposed MIMO-
STAP method for clutter plus jamming suppression pro-
ceeds in two steps. Firstly, the jamming is suppressed by its
orthogonal complementary subspace obtained in the pas-
sive radar mode, while the receive dimension is reduced.
Secondly, the tri-iterative algorithm (TRIA) is utilized to
suppress the clutter combining the remaining receive de-
gree of freedom (DOF) with the transmit DOF and the
Doppler DOF, and further dimension reduction is imple-
mented. The proposed method can effectively realize the
separate jamming and clutter elimination. Moreover, the
training sample number and the computational complexity
are significantly decreased. Simulation results verify the
validity of the proposed cascaded RD MIMO-STAP method
under jamming condition.
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1. Introduction

Multiple-input multiple-output (MIMO) radar has
drawn considerable attention in recent years [1-5]. Accord-
ing to the system configuration, two classes of MIMO
radar are mainly investigated, i.e., distributed MIMO radar
[2], [3] and collocated MIMO radar [4]. Because of the
waveform diversity property, the collocated MIMO radar
can produce extended virtual array aperture and enlarge the
system degree of freedom (DOF) [4], [S]. Thus the collo-
cated MIMO radar is applicable for the airborne platform
which severely limits the aperture length and the weight of
the airborne radar [5], [6], [7]. Meanwhile, space-time
adaptive processing (STAP) [8], [9], [10] has become
a crucial technique for the airborne radar to suppress the
clutter and realize the ground moving target indication
(GMTI). Nowadays, the airborne MIMO radar is combined
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with STAP technique to improve the clutter suppression
and GMTI performance [11-15].

Due to the extra DOF provided by the waveform di-
versity, MIMO-STAP system enlarges the requirement of
the independent and identically distributed (IID) training
samples according to the well-known Reed-Mallett-Bren-
nan (RMB) rule [16], and suffers a tremendous increase in
computational cost. These practical problems have severely
limited the development and application of MIMO-STAP.
Up to now, various reduced-dimension (RD) STAP algo-
rithms [12—15] have been developed for airborne MIMO
radar to decrease the training sample requirement and the
computational burden, such as the classical tri-iterative
algorithm (TRIA) [14], [15].

Moreover, the practical operation environment of air-
borne radar becomes progressively complicated, and the
target detection capability of airborne radar is usually
affected by jamming and other interferences [10], [17],
[18]. The existence of jammers will further bring additional
processing difficulty to the conventional STAP system [10].
Therefore, we should investigate effective STAP
approaches in the presence of jammers to mitigate the
clutter plus jamming. To the best of our knowledge, the
state-of-art research focusing on the MIMO-STAP method
under jamming condition is still relatively less.

Aiming at the above problem and the research status,
a cascaded RD MIMO-STAP method is proposed in this
paper. Two stages are involved in this method. In the first
stage, the orthogonal complementary subspace of jamming
is obtained in the passive radar mode, and partial receive
DOF is utilized to cancel the jamming. In the second stage,
we conduct the TRIA to suppress the clutter after the
matched-filtering and time-delaying, and to further reduce
the dimension. Therefore, the separate jammer and clutter
rejection is performed, and the computational cost is effi-
ciently reduced as well as the required IID sample number.
Simulation results are provided to verify the effectiveness
of the proposed MIMO-STAP method for clutter plus jam-
ming suppression.

The rest of the paper is organized as follows. The sig-
nal model of airborne MIMO radar STAP is established in
Sec. 2, including the jamming and clutter signals. Then

SIGNALS
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Section 3 illustrates the principle of the proposed cascaded
RD MIMO-STAP method according to two steps, and
analyzes the sample requirement and the computational
complexity. The simulation results are presented in Sec. 4
to demonstrate the performance of the proposed method.
Finally, we draw the conclusion in Sec. 5.

Notations. The operators  ()",()", ()", E[-] and
® denote the transpose, conjugate transpose, inverse,
expectation and Kronecker product, respectively. ()

stands for the wunit impulse function. The symbol
diag{s,r,} represents a diagonal matrix with diagonal

entries 7,7,. I,, denotes the M x M identity matrix.

2. Signal Model of Airborne MIMO
Radar STAP

Figure 1 presents a side-looking monostatic MIMO
radar system equipped with collocated transmit and receive
linear arrays, in which there are M transmit elements with
uniform spacing d; and N receive elements with uniform

spacing d,, and sparse coefficient « = di/d,, where d_=1/2

and A is the wavelength. A coherent processing interval
(CPI) consists of K pulses with a constant radar pulse
repetition interval (PRI) 7. The radar platform travels at
height A and at velocity V. The cone angle between the
line-of-sight (LOS) and the velocity vector is y , while €

and ¢ are the azimuth angle and the elevation angle, re-

spectively. The number of clutter patches which are uni-
formly distributed in a range cell is N_. The clutter data

vector of MIMO-STAP can be expressed as

Y. = Zpiv(fsc,i’fdc,i)
'N:: - €]
= Zpiad (f‘dc,i) ® at (-fsc,i) ® ar(fsc,i)

where p, is the reflect coefficient of the clutter patch at 6,

V(fieir Jaoi) = 2 (foe,)) O () ®a, (/) is the whole
space-time steering vector of MIMO-STAP for the clutter

patch at 6, a,(f, )=[1 exp(i2nf,,) - exp(i2n(K-Dfi, )
=[l exp(2npf.,) - exp(2n(K DA )" :
a(f.)=[l exp(2naf,;) - exp(2n(M-Daf,,)I'  and
a(f)=[1 exp(i2nf,,) - exp(2n(N-Df,,)I" are steer-

ing vectors of temporal Doppler, spatial transmit array, and
spatial receive array, respectively, f, =2VTcosy,/A

=2VTcosO,cosp/A and f. . =d cosy,/A=d cos6 cosp/ A

are the normalized Doppler and spatial frequencies of the
clutter patch at 6, , respectively, f=f, /f. =2VT/d,

and i=1,2,---,N,.

The clutter covariance matrix can be expressed as

RE[yy! =2 02 M oo SV S ) @)

D Transmit element

. Receive element

A\ 4

Z Range cell of interest

Fig. 1. Configuration of airborne MIMO radar.

where o7, is the variance of the i th clutter patch, which is
in direct proportion to the radar cross section (RCS) and
satisties £[|p,p;|]= 02,8 =k), i,k =12, N,.

Assume there exist J independent jammers in practi-
cal circumstance. And each jammer is independent at dif-
ferent times in temporal domain, i.e., it is Doppler white.
Then the jamming covariance matrix can be written as

R, =1, ®R, =1, ®[Za_i2,iar(.f;j,i)a:[ (fsj,)] 3)

where Gi[. is the variance of the i th jammer, and f;, is
the normalized spatial frequency of the i th jammer.

Assume the noise obeys white Gaussian distribution
in both the spatial and temporal domains, thus the noise
covariance matrix can be written as

Ry =0 1 )
where O'VZV is the variance of the additive white noise.

Considering the clutter, the jammer and the noise
exist at the same time, the fully-adaptive weight vector
w e C*™ for MIMO radar STAP can be calculated by

RN
v (f;,oaﬁi,o)Rilv(ﬂ,mﬁl,o)

where R=R.+R, +R,, represents the clutter-plus-jam-

)

ming-plus-noise covariance matrix, and v(f,,,f;,) =
=a,(f,,)®a,(f,)®a(f,) is the space-time steering
vector of target, f , and f,, are the normalized spatial
and Doppler frequencies of the target.

The full-dimension optimum STAP can suppress the
clutter and jamming simultaneously. With the extension of
processing dimension in MIMO radar, the training sample
number L of the full-dimension MIMO-STAP should meet
the requirement L > 2KMN to estimate the matrix R effi-
ciently [16]. However, it is very difficult to acquire enough
IID samples in the practical non-homogeneous clutter sce-
narios. Moreover, the complexity to compute the matrix
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estimation and inversion is O(LK’M*N*)+O(K’M’N?) .
The problem of computational cost is so challenging that
the real-time processing can hardly be realized [8], [9],
[10]. Therefore, the effective RD techniques should be
investigated for MIMO-STAP under jamming condition.

3. Cascaded RD MIMO-STAP Method
for Clutter plus Jamming Suppres-
sion

Exploiting the different signal model characteristics
between jamming and clutter, we put forward a cascaded
RD MIMO-STAP method in this section. The proposed
method is conducted in two steps: (1) suppressing the jam-
ming by its orthogonal complementary subspace; (2) sup-
pressing the clutter by utilizing TRIA. The processing
diagram is illustrated in Fig. 2.

e

S1 . - N B
i Transformation Matrix
I

Wk,w,vj?]

TRi-Iterative Algorithm (TRIA)

Fig. 2. Processing diagram of the proposed method.

3.1 Jamming Cancellation Based on Subspace
Orthogonality

In the first stage, we utilize a transformation matrix
B to suppress the jamming in the spatial receive domain,
which is determined by the N x1 receive signals of the
first pulse in passive radar mode. When the airborne
MIMO radar operates in the passive mode, only the jam-
ming and the noise are acquired at the receive site, while
the target signal and the clutter are not contained.

Then the receive jamming plus noise covariance
matrix in passive mode can be described as

J
R, = Zo-jz,iar(.fsj,[)a:[ (f,;j,i)+IN . (6)
i=1
Through performing eigenvalue decomposition
(EVD) on R, , we can obtain
R, = EJAlEJH + EJlAzEJLH (7

where A, =diag(4,4,,--4,), A, =diag(4,.,4,.,,4y) ,
A2z 2 2 =4,,==4, , E,eC" and
E; e CY™" are the matrix of eigenvectors correspond-

+1

ing to A, and A, , respectively. Based on the subspace
property in matrix theory [19], E; constitutes the jamming
subspace, while E; constitutes the orthogonal comple-

mentary subspace of jamming. Then we select B=E; as

the transformation matrix to function on the radar echo,
which is orthogonal to the jamming subspace. Thus, the
jamming signal is suppressed when MIMO radar operates
in active mode, and the dimension reduction is implemen-
ted in the spatial receive domain at the same time (from N
to N—J).

3.2 Clutter Rejection Based on TRIA

After the jamming suppression stage in active radar
mode, the & th echo pulse of the clutter signal received by
(N —J) channels can be written as

X, (t,k) = Z prexp(j2n(k—1) ., )B"a, (1, )a! (f,.)s(2) (8)

where s(f) represents the transmit waveform vector of
MIMO radar which satisfies the orthogonality condition

an s(s" () =1,, . )

where T is the pulse width.

Next, the clutter output of the matched filters with M
transmit waveforms behind each channel is expressed as

X, (k)= L X, (1,k)s" (£)dr
v, (10)
=2 prexp(2n(k =) fy, ) B"a, (/)2 (fi,)-
i=1

Further, by

Y =X X

to the column order, we can obtain the space-time data

vector of the clutter signal after jamming suppression

stacking the K pulse data
- X_(K)] of the delay lines according

¥o= 2 pag(fu) ®a, ([ OB a,(f)]. (1)

Comparing (11) to (1), we can find that the spatial
receive dimension of the MIMO-STAP signal model has
been reduced from N to N—J, as a consequence of the
transformation matrix B in the first stage.

Meanwhile, the clutter covariance matrix can be
written as

R.=E[§.5!]
= Zoii[ad (fie)ay (fi)1®la,(f.)a, (f.)] (12)
® [BHar (f;c,[ )a:{ (fsc,i )B] .
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Then after the similar corresponding processing, the
jamming covariance matrix and the noise covariance
matrix can be respectively expressed as

R, =Y 07l ®B"a,(f;)a! (f,)B],  (13)

1iw = O-\iIKM(N-J) ® [BHB] = O-\iIKM(N—J) . (14)

Due to the orthogonality between B and the jamming
subspace [19], we can come to the conclusion that the jam-

ming covariance matrix RJ =0 in theory. We define R =

=Rc+Ry and ¥(f,. 1) =2,(f1,) @a,(£,,) ©[B"a,(£,,)]
then the clutter suppression can be expressed as the follow-
ing optimization problem
min W"RW
" (15)
subject to W'V(f., f1,)=1.

Then based on the idea of TRIA [14], [15] and the
structure of the novel clutter model, the whole weight
vector we C*™/"" can be described as the following
separable form

W=wW, W, ®W, (16)
where w, eC*' | w, eC"" and W, eC" are the

reduced-dimension weight vectors corresponding to the
Doppler, the transmit and the receive parts, respectively.

Thus (15) can be further rewritten as
min (W, ®wW ® Wr)Hﬁ(Wd OwW, Ow )
Wq, W, W, (17)
subjectto (W, @ W, ®v~vr)HV(fS’0,fM)= 1.

According to the above formulation, the implementa-
tion steps to determine the low-dimension adaptive weight
vectors W, , w, and w, through solving (17) are summa-

rized as follows:
(a) Given the normalized initial values

W (0)=a,(f,0)/|a,(fi0)] and W, (0)=a,(f.,)/|a,(f.0)] ;

(b) Construct the receive reduced-dimension
transformation matrix
T.=w,i-)®w (i-1)®I, , e CMV/¥D " and

derive the receive reduced-dimension covariance matrix
il Hv . . .
R, =T RT, and the corresponding receive steering vector

~ H~
Vr = Tr V((fs,O’j{d,O) .
vector W,(i)=R;'V,/V'R;'¥
iteration number;

Then calculate the receive weight

where i=1,2,--- is the

r o

(c) Construct the transmit reduced-dimension

transformation matrix
T=w,(i-D)®I, ®W, (i)eC*M"" " and derive the
transmit reduced-dimension covariance matrix
R, =T"RT, and the corresponding transmit steering
vector V, =T/'V(f.,, f1,) -

weight vector W, (i) = RV /V'R'V, ;

Then calculate the transmit

(d) Construct the Doppler reduced-dimension

transformation matrix
T,=1, ®W,())®W, (i) e C*"¥* " and derive the
Doppler reduced-dimension covariance matrix

R, :TCFRTcl and the corresponding Doppler steering

vector v, = TdHf'(fsyo,fd,o) .

weight vector W, (i) =R;'V, /V¥R]'V, ;

Then calculate the Doppler

(e) Repeat performing (b), (c) and (d) to calculate
w,(@ , w() and Ww/(i) , respectively, until
W, @)= Wi ~D|/|W, ()| <& ( 0<g <l ) and
W) =W, (i =D||/|W.()||< & (0<& <1) (the tolerance
thresholds &, and &, );

(f) In the end, the three low-dimension weight
vectors W, , W, and W, are resolved respectively based on
tri-iterative optimization to synthesize the whole weight
vector w=w, QW Q@w,_.

3.3 Analysis of the Required Sample Number
and the Computational Burden

For the efficient estimation of R,, R, and R, in our
proposed MIMO-STAP method, the required sample
number L should be larger than or equal to
2max{K,M,(N-J)} . Moreover, the computational
complexity of the proposed method is merely
O[I(LK* +LM* + L(N - J)*)]+O[I(K* + M* + (N - J)*)]
which involves the matrix estimation and inversion, where
I is the iteration number, and / =4 ~ 5 in the simulation
when the iteration thresholds are set as & =¢, =0.001.

Therefore, the sample requirement and computational load
of the proposed MIMO-STAP method are far less than
those of the full-dimension MIMO-STAP introduced in
Sec. 2, which are L >2KMN and

O(LK’M*N*)+O(K’M*N?).

Meanwhile, the required sample number L of the
direct TRIA for clutter plus jamming suppression should
be larger than or equal to 2max{K,M,N} , and the
computational complexity under the same iteration number
is O[L(LK*+LM?*+LN*)]+O[I(K’+M>+N*)] . Since
N < K usually holds in general, the sample requirement of
the proposed method approximates to that of the direct
TRIA. However, the computational burden of the proposed
method is further reduced, while the near clutter plus jam-
ming suppression performance of MIMO-STAP can be
achieved compared to the direct TRIA.

Under the typical parameters: temporal pulse number
K =16, transmit array element number M =10, receive
array element number N =10, jammer number J =2, and
iteration number /=5, the corresponding quantitative
comparisons based on the above analysis are listed in
Tab. 1 to illustrate the advantage of our method in terms of
the sample requirement and computational complexity.
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Full-dimension | Direct TRIA | FropPosed
method
Sample >3200 >32 >32
requirement
Computational | os 150 | 103aax10° | 9.524x10°
complexity

Tab. 1. Quantitative comparisons of the sample requirement
and computational complexity.

4. Simulation Results

In the simulation, the basic parameters for MIMO-
STAP are K=16, M=10, N=10, 1=023m, d,=
=d,=0.115m, f=1, T =500 ps, V=115 m/s, H= 8000 m,
N.=180. Besides, the cone angle of the target is assumed
to be located at the side-looking direction of the airborne
radar, which means the normalized spatial frequency of the
target is f; o= 0. The tolerance thresholds in TRIA are set as
& =&, =0.001. The clutter-to-noise ratio (CNR) is 40 dB.

Assume there exist two independent jammers at the
Jammmg directions ;= 60° and w,= 120° in the scenario,
ie., f1=0.25 and f,=-0.25, respectively, and the jam-
ming-to—noise ratios (JNRs) are both 40 dB. Figure 3 pre-

~ | -
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m

L

RTINS fJarﬁm/er 1

- w \’ MH H\

M M\Jm

| mH\H ‘
)

”‘L‘h JMM ‘ uwu‘u
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i

Power spectrum (dB)

0.5
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®
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‘ -50
0 0.5
Normalized Doppler frequency
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a) Clutter plus jamming spectrum. b) Two-dimensional
spectrum projection.

sents the corresponding clutter plus jamming spectrum and
its projection. From Fig. 3, we can observe that the jam-
ming spectrum is distributed along the Doppler frequencies
and is discrete at spatial frequencies, which meets the
analysis of the jamming signal model shown in Sec. 2.

The STAP performance is evaluated by improvement
factor (IF), which is defined as the ratio of output signal-
to-clutter-plus-jamming-plus-noise ratio (SCINR) to the
input SCIJNR. Then in the following simulations, the
receive jamming plus noise sample number applied to esti-
mate R, in the passive radar mode is fixed to 40. As
comparison, the optimum IF value is provided in each
simulation figure indicated by “Optimum”, which can be
expressed as

_ SCINR,,
" SCINR,
WHV(f g fu0)] (CNR+INR +1)52
w'Rw
= V" (f10s fa0)R V(05 f30)(CNR +INR + Doy

(18)

where the covariance matrix R = Rc+ Ry + Ry is ideal and
accurately known, not the estimated one produced by the
training samples.

Figure 4 plots the IF against the iteration number in
TRIA at the assumed normalized Doppler frequency of the
target fq0=0.25. It is notable that L =200 training sample
number is adopted in TRIA, which is obviously lower than
the MIMO-STAP dimension KMN and accords with the
real clutter scenario. It can be seen from Fig. 4 that the
proposed method converges to stability very well after 4~5
iterations, and the convergence value is approximate to that
of the direct TRIA, which is about 3 dB lower than the
ideal optimum IF value of the full-dimension MIMO-
STAP. Moreover, the computational load is lower than that
of the direct TRIA because of the receive dimension reduc-
tion in the jamming suppression stage.

Additionally, we consider the influence of different
JNRs on the proposed method. Under the new JNR condi-

80
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@ //
Z
3 70+ ]
©
w
c
[
£
2 65 8
g_ —— Optimum
E —=&— Direct TRIA

—5— Proposed method
60 B
55 L L L
0 5 10 15 20

Iteration number

Fig. 4. IF versus the iteration number.
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Fig. 6. IF versus the training sample number.

tion that JNR; =30 dB and JNR,= 50 dB, which is differ-
ent from the previous simulation, the IF against the itera-
tion number in TRIA at fy30=0.25 is depicted in Fig. 5.
From Fig. 5, it can be found that the proposed method still
owns stable convergence property in the changed JNR case,
and only the convergence value is different from that in
Fig. 4. Therefore, the theoretical correctness of our method
is further validated. Afterwards, we return to the original
JNR setting (JNR;=JNR,=40 dB) to implement the fol-
lowing simulations.

Figure 6 presents the IF versus the number of training
samples at f3,=0.25. Monte Carlo experiments are carried
out 100 times to obtain the average values. The minimum
sample number is taken as Ly, =max{K, M, N} = 16, for
the feasibility of each low-dimension covariance matrix
inversion in the direct TRIA. It can be observed that the
proposed method converges fast with the training sample
number, and exhibits superior IF performance than the
direct TRIA under small sample number condition. In the
practical non-homogeneous circumstance with insufficient
IID samples, the proposed method owns advantage for
anti-clutter and anti-jamming.
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IF versus normalized Doppler frequency.
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Fig. 8. Beampattern in the presence of jammers and clutter.

Figure 7 shows the IF performance against the Dop-
pler frequency for the fixed L =200 samples. From Fig. 7,
we can see that the IF curve of the proposed method resem-
bles that of the direct TRIA versus different Doppler fre-
quencies. This implies that the excellent minimum detecta-
ble velocity (MDV) performance can be achieved by the
proposed cascaded MIMO-STAP method with lower com-
putational cost, which is beneficial for the detection of the
low-speed target in the clutter plus jamming background.

Figure 8 shows the spatial beampattern at f3 o= 0.25 in
the presence of jammers and clutter of 5 independent trials
by employing L =200 samples. We can find that the nul-
lings are formed accurately in the jamming directions
J51=0.25 and f;,=-0.25, as well as the corresponding
clutter notch, which further demonstrates the effectiveness
of the proposed method.

5. Conclusion

Aiming at the typical jamming scenario, we propose
a cascaded RD STAP method for airborne MIMO radar in
this paper. Based on the different characteristics between
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jamming and clutter, we first cancel the jamming through
utilizing the orthogonal property of its complementary sub-
space, with the reduction of the receive dimension. Next,
the clutter is eliminated by TRIA based on the separation
of the Doppler, transmit and receive weight vectors for
MIMO-STAP. Simulation results demonstrate that the pro-
posed method can provide excellent capability of clutter
plus jamming suppression. Besides, the proposed cascaded
MIMO-STAP method can effectively reduce the sample
requirement and the computational burden, which is valua-
ble for practical engineering application.

In our future research, the real scenario will be taken
into consideration, including the clutter and the jammer.
Meanwhile, more application tools can be utilized to exe-
cute our proposed method and produce practical results,
such as field programmable gate array (FPGA) and C pro-
gram, etc. Under the novel FPGA framework, the real-time
requirement is a key factor when conducting the proposed
cascaded MIMO-STAP algorithm. Thus, reasonable alloca-
tion and parallel implementation of the whole task are
essential. On the other hand, efficient C program for realiz-
ing the conventional and fixed operations can be packaged
into digital signal processor (DSP) and assembled with the
new application system to further accelerate the processing
speed.
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