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Abstract — In this paper, we propose a new jammer suppression algorithm that uses orthogonal
waveform space projection (OWSP) processing for a multiple input multiple output (MIMO) radar
system exposed to a jamming signal. Generally, a conventional suppression algorithm based on
adaptive beamforming (ABF) needs a covariance matrix composed of the jammer and noise only. By
exploiting the orthogonality of the transmitting waveforms of MIMO, we can construct a transmitting
waveform space (TWS). Then, using the OWSP processing, we can build a space orthogonal to the
TWS that contains no SOI. By excluding the SOI from the received signal, even in the case that
contains the SOI and jamming signal, the proposed algorithm makes it possible to evaluate the
covariance matrix for ABF. We applied the proposed OWSP processing to suppressing the jamming
signal in bistatic MIMO radar. We verified the performance of the proposed algorithm by comparing
the SINR loss to that of the ideal covariance matrix composed of the jammer and noise only. We also
derived the computational complexity of the proposed algorithm and compared the estimation of the
DOD and DOA using the SOI with those using the generalized likelihood ratio test (GLRT) algorithm.
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1. Introduction

There is growing interest in multi-input multi-output
(MIMO) radar technologies for many military and wireless
communication applications [1-8]. A MIMO radar system
is composed of M, transmitters and M, receivers that can be
collocated or spatially distributed [2-4]. Typically, a
technique is used to enable each receiver to separate the
reflected signals of interest (SOI) from each transmitter
unambiguously through the use of orthogonal waveforms
and a matched filter bank. Researchers have shown that
orthogonal waveforms can be used in a MIMO radar
system with spatially diverse transmitters and receivers to
provide advantages in terms of target detection and
parameter estimation compared with a traditional phased
array system [9-11]. MIMO radar can achieve a higher
resolution for collocated transmit and receive antennas than
a phased array radar using the same number of physical
antenna elements, because the MIMO radar has more
degrees of freedom (DOF) than a phased array system with
a single transmitting element [7-8].

With the development of a technique for monostatic
radar cross section (RCS), however, the detection probability
of monostatic radar has decreased. The use of bistatic
MIMO radar has been studied extensively to solve this
problem by separating the transmitter and receiver [12-16].
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Conventional jammer suppression techniques for MIMO
radar can be divided according to the use of two algorithms:
the likelihood ratio test (LRT) based on a stochastic
approach, and adaptive beamforming (ABF) that exploits a
noise-jammer covariance matrix. While the ABF has a lower
performance for SOI parameter estimation than the LRT,
it has the comparative advantage in the computational
complexity. However, the conventional ABF has a few
limitations to suppress the jamming signals. First of all,
when the received signal contains the SOI, conventional
ABF suppresses the SOI simultaneously, which degrades
the performance of the signal to interference plus noise
ratio (SINR) [17]. Therefore, the covariance matrix for
conventional ABF must be estimated from received signals
without the SOI. In general, conventional ABF algorithms
use the received signal for covariance matrix estimation
immediately after or before transmitting the pulse. Also,
since conventional ABF assumes that the jammer signal is
homogeneous or uniform during applying the ABF, it can
be vulnerable to fast fluctuating jamming signal.

To resolve these disadvantages above, we propose the
orthogonal waveform space projection (OWSP) processing
for MIMO radar, using the orthogonal transmitting
waveforms. The proposed OWSP processing can build a
noise-jammer covariance matrix for the ABF when the
received signal in a pulse-repetition-interval (PRI) contains
the SOI and the jamming signal simultaneously, by
rejecting the SOI in the received signal. Therefore, the
OWSP processing enables the ABF to suppress the
jamming signals without additional SINR loss even if the
SOl is included in received signal.
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To verify the proposed algorithm, we applied it to a
bistatic MIMO radar system. And we applied the loaded
sample matrix inversion (LSMI) beamformer as the ABF to
the covariance matrix constructed using OWSP processing
and estimated the DODs and DOAs of the SOIs for bistatic
MIMO Radar system. We assumed that the noise and
jamming signal have a random waveform, but some
correlation with the waveform of the transmitter that passes
through the matched filter. We also assumed that the
jamming signal is stationary in each range bin for matched
filtering and defined the correlation ratio of the SOI and
jamming signal as the correlation coefficient, and studied
the performance of the SINR and the estimation of the
DOD/DOA after applying the ABF with respect to the
correlation coefficient.

We also compared the SINR loss of the covariance
matrix constructed using the proposed algorithm with
that of the ideal covariance matrix composed of jammer
and noise only. And we compared the DOD/DOA estimation
performance after jammer suppression and the computational
complexity with that of the GLRT.

2. Signal Model

For this investigation, we assumed that the signal
bandwidth is small and that there is non-dispersive
propagation. We also assumed that the waveforms that are
transmitted are orthogonal to each other and that targets are
represented by non-moving points.

Fig. 1 shows the configuration of bistatic MIMO radar.
The signal received from the bistatic MIMO radar in a
range bin composed of SOI, jammer and noise can be
represented as [1,15]:

V=3 Bb(0,)a" ()X + Y ab'(0,)3,+ 2

(1)
=Y, +Y,+Z, [M,xN]
T
X:[xl;xz;--gxMi, [M,xN] 2)
%= {3 (1), (2) 5 ()}, [1xN] (3)
where
M, M, :the numbers of transmitters and receivers,
respectively
g jth Jammer
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Fig. 1. Configuration of bistatic MIMO radar

N : the number of transmitter waveform codes or
data samples

K : the number of SOIs

K; : the number of jamming signals

®, : the direction of the s™ SOI from the reference
transmitter (DOD)

0, : the direction of the s™ SOI from the reference
receiver (DOA)

0, : the direction of the /" jammer from the reference
receiver.

In (1), Y denotes the M,-by-N signal matrix and X the
M,-by-N transmitted waveform matrix, which is composed
of the N-by-1 orthogonal waveform vector x;. Additionally,
a(¢) and b(6) are the steering vectors of the transmitting
and receiving antenna array, with M,-by-1 and M,-by-1,
respectively. f; is the complex amplitude proportional to
RCS of the s™ target. In (1), the first term Yy refers to the
receiving matrix containing the target echo signals of the
s™ target echo signal. And Y, denotes the receiving matrix
for the jammer signals, J; the 1-by-N waveform vector and
0j the complex amplitude of the /™ jamming signal. The
last term, Z, is the spatially and temporally white circularly
symmetric complex Gaussian noise sequence matrix with
mean zero. (+)” denotes the complex conjugate of a matrix.

3. Orthogonal Waveform Signal Projection
Process

In this section, we propose the OWSP processing
algorithm for constructing the noise-jammer covariance
matrix when the received signal contains both the SOIs
and jamming signal in MIMO radar. By exploiting the
orthogonal transmitting waveforms of the MIMO radar,
the target echo signals can be represented as a linear
combination of the orthogonal transmitting waveforms.
That is, the target echo signals are located in the TWS that
is spanned by the orthogonal waveform vectors, which then
become the basis vectors. By projecting the received signal
onto the space orthogonal to the TWS, we can obtain the
noise and jammer signals only, excluding the target echo
signals. Then, we can construct the covariance matrix for
adaptive beamforming.

The OWSP processing operator for the MIMO radar can
be represented as [18]:

P =1-X'(XX")'X , [NxN] )

where P, is an orthogonal projection matrix subject to
XP, =0, Multiplying (4) by (1) results in:

V=YP =3 b (0,)a" (4)XP,

Tk ®)
+>ab’(0,)I P +ZP , [M,xN]

=
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Because XP, =0 in (5), (5) can be simplified as:
A K'I
Y=Yab'(0)c, +C, ., [M, xN] (6)
I=

where ¢; =J P, and C, EI:cn,l i€y ot ;cn’M"]EZPl are
the correlation ratio of the jamming signal and the noise
with respect to the transmitted waveform, respectively.

If the transmitted waveform matrix X is nof correlated
with the jamming signal matrix J = [JI’M’JK’(J ,[Kj X N] ,
then ¢; is equal to J; and there is no degradation in the
jamming signal for the estimation of the covariance matrix.
We can define the correlation ratio between the transmitted
waveform matrix and jamming signal matrix as the
correlation coefficient y as follows:

_ ],
XL,

()

In (7), |, stands for the L,-norm of a matrix or vector.
This correlation coefficient has a range of 0< ¥ <1, When
x = 0, the transmitted waveform is orthogonal to the
jamming signal, which means that there is no correlation
between the transmitted waveform and jamming signal.
Because the correlation coefficient may reduce the covariance
matrix estimation performance, the ABF performance
depends on the correlation coefficient .

Applying the LSMI to (6), the covariance matrix
excluding the SOIs can be constructed as:

Q:%ﬁ(“ml, [M, xM,] (8)

where 0 is the diagonal loading factor, which is about twice
the noise power, and I is the identity matrix [17]. In (8),
()" denotes the Hermitian transpose. Then, the optimal
weight vector to reject the jamming signal can be evaluated
as [19]:

w(6,)=Q'b (6,) 9)

where 6 denotes the scan angle within visible region. To
verify the performance of the proposed covariance matrix
(8), we introduced the SINR loss. From (8) and (9), the
SINR can be derived as [17]:

w7 (@)p (o)
SINR(0) =— ! —
w <e>{E[(YJ2+z><YJ+z> e
_ 7w (0)b(0)
w7 (6)Qw(0)
where
P = {a" (4)XX"a(4,)) (an
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v.=2 BE (12)

In (10), the numerator |wH (6')b(49)|2denotes the output
power of the LSMI beamformer, and the denominator Q is
the ideal covariance matrix. W' (0)Qw(8) is the output
power of the beamformer by Q. In (11), P, represents the
output power of the transmitter, which is proportional to
the number of the transmitters in the MIMO radar [20]. In
(12), 7, is the signal power echoed from the target.

From (9) and (10), the SINR loss L(9)is given as [17]:

CSINR(0) o, 7w (0)b(6)]
© SNR - My, w'(0)Qw(06)
. 2 (13)
_o, [b” (0)Q"'b(0)
M, b"(6)Q'QQ 'b(8)

L(0)

where o, is the noise variance. We applied (13) to the
proposed covariance matrix and ideal covariance matrix,
and showed the degradation in the SINR loss of the
proposed covariance matrix compared with that of the ideal
covariance matrix.

4. Estimation of DOD and DOA Using LSMI
Beamformer

In this section, we describe a method for estimating the
DOD and DOA of the SOI from the beamformer output in
the bistatic MIMO radar. In a conventional phased array,
the beamformer output p(#) refers to the output of the ABF
at each scan angle and can be defined as the weight vector
w(6) obtained from the ABF multiplied by the received
signal matrix Y in the array as [1]:

p(0)=w"(0)Y (14)

We can obtain DOAs by finding the peaks of (14) above
a given threshold value on varying the scan angle within
the visible region. To obtain the beamformer output for the
bistatic MIMO radar, w(6) is multiplied by (1) and then:

WH(H)Y:éﬁxw”(e)b*(es)a”(gbs)x

+iaij(c9)b*(9j)Jj+wH(9)Z (15)

M=

Bw" (0)b°(6,)a" (4,)X+w" (0)Z , [1xN]

~

K

From (9), because W(9§ becomes 0 near the jamming
signal position 6, w”(0,)b°(0,)~0 [17]. Here, Q' is
independent of the scan angle 6. Applying the matched
filter to (15), we have:
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W (6)YX"a(g) = 3. A" (O)b"(0,)a" (4,)a(9)
+w" (0)ZX"a(¢)

(16)

Eq. (16) can be represented as the multiplication of the
beamformer output from the ABF and the beamformer
output from the transmitting steering vector as follows:

7(0,¢)=w" (0)YX"a(¢) (17)

Applying the peak detection algorithm based on the
difference in adjacent samples to (17), we can estimate the
DOD and DOA within the visible region.

5. Computational Complexity

We derived the computational complexity of the
proposed algorithm and compared it with that of the GLRT.
The computational complexity can be approximated as the
sum of the number of multiplications in the algorithm for:

Co*M+M+N,(M,N)+N,(M,N+M,) (18)

where Ny and Ny is the number of angle samples in the
visible region of DOA axis and DOD axis. The terms in
(18) indicate the complexity due to (5), (8), (9), and (17),
respectively. The complexity of the GLRT is given by [18]:

. M} +N,(2M, +M,) 19
GLRT +N¢(NM,,2+(2+2N)M:‘Mz+Mz2+M’) )

In general, the complexities of the proposed algorithm
and GLRT are proportional to the numbers of angle and
data samples. If M,=M,=M>1, N>1, and Ny=Ny >1,
the difference between (18) and (19) can be approximated
as:

c c N,M (2M —N) 20
GHRT P TN N M (3M +3NM —N) 0)

Also, when N=aM and Ny,=Ny =M, the ratio of (19) to
(18) can be approximated as:

4 3 2
Coar _ 30PM +(5ﬂ3—|r1)M2 +2BpM _o(M) @
C, (2aB+1)M° +M* +28M

Eq. (21) shows that the complexity ratio is proportional
to the number of antennas M. Fig. 2 shows the
complexities of the two algorithms according to M, x M,,
with Ny= Ny =181 in Fig. 2 (a) and Ny= Ny =361 in Fig.
2 (b).

T T T
—8— Proposed
—*%—GLRT

o
-3

o
2

Computational Complexity

108

. . , . , , . . .
50 100 150 200 250 300 350 400 450 500
Mt X Mr

Fig. 2.(a) Comparison of complexities according to
(M, x M,) with N=32, (Ny= Ny = 181)
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Fig. 2.(b) Comparison of complexities according to
(M, x M) with N=32, (Ny= Ny =361)

6. Numerical Examples

We used a linear array with uniform spacing for the
receiving and transmitting arrays, with M, =20 and M, =20,
respectively. We used d,=d,=0.54 and N,=(361x361). We
also assumed that SNR = 0~20 dB, and the jammer-to-
signal ratio (JSR) = 70 dB. We assumed that there are three
target echo signals, with #=(-10°,10°,30°), ¢ =(20°,10°,0°),
and f=(1.0, 1.0, 1.0), and that there are two jammer
signals, with 8,=(-20°, 20°). We assumed the noise is zero-
mean white Gaussian noise. We also adopted an orthogonal
binary phase shift keyed (BPSK) sequence based on the
Walsh code, with N=32 as the transmitted waveform. We
used a random BPSK sequence with a Gaussian
distribution as the waveform of the jammer signal.

Fig. 3 shows the SINR loss when JSR = 70 dB and SNR
=20 dB. The solid line shows the case of the SINR loss of
the ideal covariance matrix, the dash-dot line the case of
the proposed covariance matrix with x=0.95, the dotted line
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Fig. 3. SINR loss according to the correlation coefficient
(M, =20, M, =20, and N=32 @ JSR=70dB and SNR
=20dB)

the case of the proposed covariance matrix with ¥=0.5, and
the dashed line the case of the proposed covariance matrix
with ¥=0.0. The larger the correlation coefficient, the more
the SINR loss is due to the increase in the correlation
between the transmitted signal and the jamming signal.

To test the quality of the covariance matrix constructed
using the proposed OWSP processing, we defined the
relative SINR loss as follows:

L., (6,;{)/L

L
i o

N,

€, (x)=20log,

where Lig.q (f) and Ly (6) are the SINR loss of the ideal
and proposed covariance matrix, respectively, and Q
denotes the entire visible region. Fig. 3 shows the relative
SINR loss according to the correlation coefficient. When
< 0.5, the SINR loss of the proposed covariance matrix is
similar to that of the ideal covariance matrix, and the
difference in the two SINR losses is less than -20dB.

Fig. 4 shows the mean square error (MSE) for the DOA
and DOD estimation according to the SNR and the
correlation factor. The MSE for the DOD and DOA
estimation is defined as

1 & Cw )
MSE=§;;{(@ -0 0.0, @

where ¢3,,k and 67,,,( denote the estimated k™ DOD and
DOA by the ™ trial, respectively. L is total number of
Montecarlo trials and K is the number of SOIs. In Fig. 5,
the MSE of GLRT is slightly smaller than that of the
proposed algorithm, but the average computing time is 4.3
ms for the proposed algorithm, which is only 3% that of
the GLRT at 137 ms. To compare the complexities of the
two algorithms, we simulated 10,000 trials of the two
algorithms on an Intel Core 17-6700 CPU @ 4.0 GHz.
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Fig. 5. MSE of the estimated DOD and DOA (M, =20, M,
=20, and N=32, Ny= Ny = 361 @ JSR=70dB) after
10,000 trials

7. Conclusion

In this paper, we proposed a jammer-suppression
algorithm that uses the Orthogonal Waveform Signal
Projection (OWSP) processing algorithm based on the
transmitted orthogonal waveform in MIMO radar. While
conventional ABF algorithms require a covariance matrix
that excludes the SOI, the proposed algorithm can remove
the SOI from the received signal by using OWSP
processing and construct a covariance matrix using the
received signal without the SOIs. The proposed algorithm
is verified by comparing the SINR loss using the proposed
covariance matrix with that of an ideal one according to the
correlation coefficient, which indicates the correlation ratio
between the transmitted waveform and jamming signal.
When the correlation coefficient is less than 0.5, the SINR
loss of the proposed remains less than -5dB compared with
that of the case with the ideal covariance matrix. With the
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proposed algorithm, the MSE of the DOD and DOA
estimations is similar to those of the GLRT, but the
computational burden is less complex.
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