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Abstract: This paper proposes two modified space time adaptive processing (STAP) methods based on
piecewise sub-apertures and data constraints for non-stationary interference cancellation in synthetic
aperture radar (SAR) applications. In these methods, the entire synthetic aperture time is divided into
several sub-apertures so that the interference can be considered as stationary in each sub-aperture.
At the same time, the consistency of the echo phase in the slow time domain is preserved by the data
constraint to ensure the null depth of the antenna pattern for non-stationary interference cancellation
and the performance of azimuth focusing in SAR. The proposed algorithms are validated through the
model simulation and measured data.

Keywords: synthetic aperture radar (SAR); space time adaptive processing (STAP); generalized
sidelobe canceller (GSC); interference cancellation

1. Introduction

Synthetic aperture radar (SAR) has been more and more widely used in civilian and military
fields [1-3]. Along with growing crowdedness of the electromagnetic spectrum and rapid development
of SAR interference technology [4-7], SAR is now faced with increasingly serious unintentional or
intentional interference, and the algorithm of interference cancellation in SAR has received growing
attention in recent years.

The common methods of interference cancellation in SAR can be divided into two categories.
One is to utilize the difference between the interference and radar echo in the time domain or
frequency domain so that the interference cancellation can be realized through filters in the time
or frequency domain. This includes the classical frequency notch method and the time-frequency
filtering method [8,9]. Some advanced methods based on short-time Fourier transform, wavelet
transform, empirical mode decomposition, eigen subspace filtering and independent component
analysis (ICA) [10-14] have also been proposed. These methods not only cause certain loss to the
echo signal itself, but also cannot effectively suppress intentional interference from jammers such as
wide-band noise jamming or dense repeater jamming. Another kind of method is based on digital
array processing with multi-channels, using adaptive digital beam forming (ADBF) or the space time
adaptive process (STAP) algorithm for interference cancellation [15-17]. Multi-channels in the SAR
can be used to form a beam in the direction of the desired ground returns and to steer a null in the
direction of the interference simultaneously. With the rapid development of the multi-channel SAR
system and the improvement of digital signal processing, these methods have shown more and more
advantages with regards to excellent performance, wide application and high flexibility.
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Moving target indication (MTI) is a common radar mission involving the detection of airborne or
surface moving targets. To detect moving targets in the background of clutter and interference, it is
necessary to suppress clutter and interference by various methods. Single-channel techniques that
exploit the Doppler spectrum or the short time Fourier transform are used in general for static clutter
discrimination from moving targets. In multi-channel systems, STAP is an advanced multi-channel
adaptive processing technique used for clutter mitigation and interference cancellation purposes and
has been widely treated for general airborne radar [18,19]. Furthermore, the STAP technique has also
been introduced into the SAR system for both clutter suppression and high resolution imaging of
moving targets [20,21]. The typical application of STAP in airborne radar is the ground moving target
indication (GMTI) mode, and the coherent processing interval (CPI) of the GMTI mode is only tens
of milliseconds. It can be considered that the direction of arrival (DOA) from the jammer is constant
in the CPI, which means the interference is stationary. Since the CPI in SAR is usually more than a
few seconds, due to the high speed motion of the platform, the DOA of the jammer is time-varying,
which means the interference is non-stationary in the CPI. There are two main kinds of methods for
non-stationary interference cancellation. One is to widen the null width near the interference’s DOA in
the adapted beam pattern by digital array processing [22], but this may lead to a loss in the depth of
the nulls. The other method for non-stationary interference cancellation is time-varying STAP [23,24],
which means using different adaptive weight vectors for each pulse. However, due to the deformation
of the beam pattern from pulse to pulse, the SAR echo would be modulated in the slow time domain,
resulting in the degradation of the azimuth focusing performance.

In this paper, we propose two STAP methods for SAR with piecewise sub-apertures and data
constraints for non-stationary interference cancellation based on element space processing and the
generalized sidelobe canceller (GSC), respectively. In these methods, the entire synthetic aperture time
is divided into several sub-apertures so that the interference can be considered as stationary in each
sub-aperture. At the same time, the consistency of the echo phase in the slow time domain is preserved
by the data constraint to ensure the null depth of the antenna pattern for non-stationary interference
cancellation in the entire synthetic aperture time and the performance of azimuth focusing in SAR.
The proposed algorithms are validated through the model simulation and measured data.

2. SAR Simulation Models

2.1. SAR Signal Model

Consider a multi-channel SAR system of a linear antenna array with N equi-spaced receiver
channels along the azimuth direction. Figure 1 is the geometric diagram of the multi-channel SAR.
Suppose all the channels and targets are located in the three-dimensional (3D) Descartes coordinate
system. The radar platform travels along the X-axis at v m/s. Figure 1a shows the 3D geometric model,
where H, represents the height of the platform, the ¢ represents the azimuth angle, the ¢ represents the
elevation angle, and the 0 is the squint angle. Figure 1b shows the diagram of the geometry relationship
in the slant plane, where the blue lines show the beam irradiation range when the radar is at point A,
and point B is the position of the beam center. When the point target is located at the center of the
beam, Ry is the distance between the target and the receiver channel, and 6, represents the cone angle
corresponding to the beam center. When the radar moves to the point A’, the point B’ is the center of
the beam.

The radar transmits a linear frequency modulated (LFM) signal and the received echo of the nth
channel is base-banded and sampled, which can be written as:

. 2
s(n,t,tm) = exp jZRMﬂ] -Arect(f— %) expljny(f— ZR(Ctm)) ]exp[—j%R(tm)] 1)

A

where A is the amplitude of the target echo, ¢ is the velocity of light, A is the wavelength, f is fast-time
corresponding to the sample in the range domain of a single pulse, t;, is slow-time used to mark
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different pulses during the pulse string process with the interval of the pulse repetition interval (PRI),
T} is the pulse width, y is the frequency rate of the LEM signal, B = yT), is the signal bandwidth, and n
refers to the nth channel of the multi-channel receiver. The first exponential term represents the phase
difference of the echo between the receiver channel N and channel 1. According to the geometric
relation in Figure 2, the instantaneous slant distance between the carrier and the point target P can be
obtained:

L L
R(tw) = (0t — Xu)? + R2 ~ 2Ry (0t — X) sin 0 X, - e St S Xt o @)

where v is the velocity of the SAR platform, X}, is the azimuth coordinates of a scattering point on the
ground, L is the synthetic aperture length, R}, represents the shortest distance between the target and
the trajectory of the radar.

Beam Irradiation Range

4 Flight Direction 1(X)

(a) (b)

Figure 1. Diagram of the multi-channel SAR. (a) 3D geometry model; (b) Geometry relationship in the
slant plane.
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Figure 2. Processing diagram of the multi-channel SAR.

After the pulse compression processing in the range domain, and the envelope difference of the
echo is neglected, so the echo signal can be expressed as:

(n—1)dsin 90] . sinC[B (¢ 2R(0n)

s(n,t,tm) = exp| 21 3 .

AT
)]eXP[—17R<tm)] ®)
2.2. Jammer and Noise Models

For simplicity, consider that the jammer is located at position | in Figure 2b with the cone angle
theta 0}, and the minimum distance from the platform flight trajectory to the jammer is R;. Assuming
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the interference signal received by channel 1 of the radar is Iy, the total return for the SAR can be
written in matrix form as follows:

X(t) =s(t)-a(6o) +Io(t) -a(6)) + N(t) )
PR TRV R .
a(0)) = {1,exp[j2n—(2 _ Uj sin 6’], . ,exp[jZT(—(N _ 11\’1 sin e]]} ©)

where a(0)) is the steering vector of the signal echo, a(6)) is the steering vector of interference, and N(t)
is the receiver noise matrix.

2.3. Basic STAP Method

The covariance matrix of the array received signal is estimated through finite snapshots [25],
assuming the snapshot number is L, then the estimator of the covariance matrix from the received signal:

L

L1 T
R=7) X()x"() @)

i=1

Here, H denotes the Hermitian transpose operator. Then the adaptive filtering is based on the
minimum variance distortionless response (MVDR) criterion as follows:
min(wRyw) ®)
st wa(0y) =1

The equation aims to get the adaptive weight vector w for the minimum output power of the array
under the constraint of keeping the output constant and can be solved using Lagrange multipliers [25].
The entire signal process flow of the multi-channel SAR is shown in Figure 2.

2.4. Influence of Platform Motion

Consider a jammer is located at point | when the radar is located at point A, and the relative
angle between the jammer and the beam center of the radar is ;. When the radar moves to point
A’, the relative angle between the jammer and the beam center of the radar is 6’j. According to the
geometric relationship in Figure 2b, the difference of the angles is A0;, which can be approximated as:

AB V¢t cos 0)
J¥
Ry

©)

For the conventional mode in airborne radar, the CPI is only about tens of milliseconds, so A0 is
very small and can be ignored. However, the synthetic aperture time of SAR is usually a few seconds.
Consider the situation with the flight speed 150 m/s, synthetic aperture time of 5 s, oblique distance
Rp =40 Km, and the azimuth angle of jammer 45° as an example. It can be calculated that the direction
of interference relative to the platform changes up to 1.5° in the synthetic aperture time, which cannot
be ignored for the STAP process. In other words, the interference is time-varying and non-stationary in
the synthetic aperture time.

Some different methods for non-stationary interference cancellation have been proposed in the
literature. The first method is to select interference samples in the whole synthetic aperture time to get
the adaptive weight vector with widen null by STAP directly. Higher spatial freedom of the system
is needed in this method, and STAP processing cannot be carried out pulse by pulse, which greatly
improves the resources of storage and consumption in the system. The second way is to form a wide
null in the beam pattern in the STAP process through the null broadening algorithm [22]. A common
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problem is that the null depth would be usually reduced or form wide nulls that would raise the sidelobe
level or broaden the main beam at the same time. The third method is to suppress the non-stationary
interference by dividing the coherent integration time into several batches and using different adaptive
weight vectors for each batch [23,24]. In STAP processing, although the mainlobe can be maintained
by imposing a single constraint in the desired direction, this may still cause some variations in the
beam pattern depending on the differences in the strength or direction of the interference from pulse to
pulse, especially for strong interference near the mainlobe, thereby undermining the consistency of
the echo phase between batches and leading to degradation of azimuth focusing in the SAR image.
To solve these problems, two modified STAP methods for SAR with piecewise sub-apertures and data
constraints for non-stationary interference cancellation are proposed in Sections 3 and 4.

3. The Piecewise Constrained STAP Based on Sub-Apertures Framework

The synthetic aperture time may be partitioned into M sub-apertures containing Q pulses
(M = P/Q) and the adaptive weight vectors w;, for m = 1,2,--,M can be updated in each sub-aperture.
The essence of the algorithm is to update the adaptive weight vector by subdividing the aperture to
adapt to the changes of interference spatial non-stationarity, considering the DOA is stationary in the
non-overlapping sub-apertures.

In conventional sub-aperture processing, the adaptive weight vector of each sub-aperture is
calculated according to (8):

wn = [07(0)R;0(6)] 'Ry, 0(6) (10)

where Ry, is the covariance matrix obtained from the interference samples in sub-apertures, w;, is
the adaptive weight vector of each sub-aperture and is used to beamform the multi-channel echo
data of each sub-aperture respectively. It should be noted that the training data used to estimate the
covariance matrix must be target-free in order to avoid the self-cancellation of the target itself [26,27].
A low repetition frequency waveform is usually used in SAR, which means that the range is not
ambiguous, so the training data can be sampled before the effective echo reaches the radar receiver in
the fast time domain to obtain the target-free samples. Moreover, in order to estimate the covariance
matrix accurately, it is necessary to have an adequate number of training data. In SAR, the sampling
rate is relatively high. Therefore, it is easy to obtain enough interference samples to estimate the
covariance matrix.

The disadvantage of this method is discussed in Section 2. With different adaptive weight vectors
in each sub-aperture, although the beam center of the mainlobe can be maintained by the constraint
in the look direction, there are still variations in the other parts of the patterns in the mainlobe.
The deformation of the antenna patterns would lead to the undermining of phase consistency in the
slow time domain between the sub-apertures, which affect the azimuth resolution of the SAR images.

Therefore, a sub-aperture STAP algorithm with data constraint is proposed. In this method, the
adaptive weight vectors are calculated in each sub-aperture respectively, and the phase consistency in
the slow time domain can be maintained by data constraints, so the azimuth resolution of SAR can be
ensured while effectively suppressing the time-varying interference.

In the first sub-aperture, the adaptive weight vector is obtained by the conventional method
according to (10), and then the weight vector w; can be used to beamform the array echo in the
first sub-aperture.

wy = [0 (0)R;"0(6)] Ry10(0) (11)

In the second sub-aperture, the data constraint condition is added, which permits the vector to
change for interference cancellation while guaranteeing that it would not affect the beamform output of
the target echo in the second sub-aperture. In order to reduce the amount of computational complexity,
in practice, only L pulses at the junction of two sub-apertures need to be selected to constrain the
consistency of the echo. Then the constrain can be described as follows [23]:
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whix(t) = whix(t) ,t=Q-L/2+1---Q+L/2 (12)
It can be approximately considered that w{{x(t) ~ w{{ s(t), wsz(t) ~ w?s(t). Because the range bin

numbers of each pulse are more than thousands in SAR, only range bins containing strong feature
points need to be selected as constraints to reduce the computational complexity. The detection of
range bins containing strong feature points can be performed in the fast time domain after the pulse
compression process.

The calculation of w; is formulated as:

mian;szz subject to wI; C=hH (13)
Co=[v(0),x(Q-L/2+1),---x(Q+L/2)] (14)
fo=[Lwlx(Q-L/2+1), - wix(Q+L/2)] (15)

The solution of (13) is:
Wy = R2_1C2 [C?Ril(jz]_lfz (16)

The adaptive weight vectors in the remaining sub-apertures can be obtained similarly:

W = Ry Con[ CHRGIC] ™ f (17)
Cn=[v(0),x(Qm-1)-L/24+1),---x(Q(m—1) + L/2)] (18)
fo=[Lw? x(Q(m-1)-L/2+1),--w x(Q(m-1)+L/2)] (19)

Then the SAR image can be obtained by two-dimensional processing of the entire aperture data
containing all sub-apertures with classical SAR algorithms.

4. The Piecewise Constrained Generalized Sidelobe Canceller

Element space processing is a method of implementing STAP in the spatial frequency domain,
and STAP can also be implemented as a generalized sidelobe canceller (GSC), which is equivalent to
what element space approaches under ideal conditions [28]. This section presents a modified method
of applying piecewise constraints to the GSC (PC-GSC) based on the same idea as Section 3.

The processing flow of the GSC is shown in Figure 3, two processing paths are formed with the
main beam d(t) in the desired direction and the reference beam x,(f) formed by a transformation of
the main beam with a blocking matrix B to remove the desired signal from the original echo data.
The fixed weight vector of the upper processing path is given by ws = a(0)), where 0 is the DOA of
the desired target direction.

x(t) det)
» Adaptive Filter wy ——————————— > + »
Xa(t)
Blocking Matrix B ———»  Adaptive Filter w,

Figure 3. Processing diagram of the generalized sidelobe canceller.

The signal x,(f) in the lower processing path then goes through an adaptive filter w, to minimize
the total output power, and is then subtracted from the main beam d(t). To mitigate the spatially
nonstationary interference in SAR, piecewise adaptive processing is employed. If the aperture time is
partitioned into M data sub-apertures, each of which consists of Q pulses (M = P /Q), the adaptive
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weight vectors w, (m), m = 1,2,-,M for the lower processing path in the GSC can be updated in each

sub-aperture. The adaptive weight vectors w,(m) are designed to minimize the scalar mean square

error (MSE) of the difference between the upper and the lower processing path, which is given by the
following formulation [24].

. 2

rn1nE(|d(t) - wf(m)xu(t)| ) (20)

t=(m—-1)Q+1,..mQand m =1,2,--, M. d(t) is the output of the upper processing path of the GSC
and x,4(t) is the N,;-dimensional data vector for the lower processing path of the GSC.

The weight vector of the upper processing path of the GSC structure is fixed. The adaptive weight
vector w, (m) in the lower processing path needs to be changed in each sub-aperture. To alleviate the
temporal modulation introduced by the varying w, (m), constraints on the adaptive weight vectors w,
(m), m =1,2,---,M are required. Similar to (18), we define the vector as:

Cn = [x(Q(m =1) ~L/2+1), - x(Q(m - 1) + L/2)" 1)
Then the following constraints on the adaptive weight vector are used:
w(m)Cypy = w(m—=1)Cpym =2,3,---,M (22)

The adaptive weight vector w, (1) in the first sub-aperture is calculated using (11) without any
constraint. The solution to (20) is

wa(m) = Ry (m)raa(m) = (CHRG (m)Con) ™[Rk (1) ryg () = w05 (m = 1)] (23)

Ryx(m) is the spatial covariance matrix of the lower processing path of the GSC, and r,; (m) is the
cross-correlation vector between the lower and the upper processing path of the GSC.

5. Simulation Result

A multi-channel SAR simulation was implemented using the parameters given in Table 1.
The synthetic aperture time is about 4.4 s, and the number of received pulses is 1024. The range bin
number used in simulation is less than that used in practice but sufficient to demonstrate the adaptive
algorithm. At 40 km, the width of the SAR receiving beam is about 7° and the azimuth range of the
SAR receiving beam is 5000 m.

The distribution maps of simulation points are given in Figure 4. The 3 x 3 individual scatters are
distributed in this area, and the space between each scatter is 30 m. The jammer with noise interference
was set to near the mainlobe direction of the antenna, 10 km away from the radar platform. The DOA
of interference varied about 2° in the synthetic aperture time. The images were formed using a typical
Range-Doppler algorithm for stripmap SAR.

3040 B
3030 @ @ @ q
3020 - q
3010 q
o
= 3000f @ @ @ E
ha
2990+ q
2980 B
2970 @ @ @ q
2960 q
2950 1 I I 1 I 1 1
-60 -40 -20 0 20 40 60
X-axis

Figure 4. Simulation point targets.
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Table 1. Simulation parameters.

Parameters Value
Carrier frequency (fc) 10 GHz
Bandwidth (B) 200 MHz
Number of pulses (M) 1024 /512
Range bins (M) 2048
Number of receive channel (N) 16
Element spacing 0.5A
Range resolution 1m
Azimuth resolution 1m
Velocity (o) 150 m/s
Height of platform (H;) 3000 m
SAR Squint angle (6) 15°
Range center 40 km
Jammer offset/ Direction of jammer(6)) 35 km/ 10°
Jam noise ratio/Signal noise ratio 20 dB/ 15 dB

The simulation results are illustrated in Figure 5. Figure 5a is the ideal image without any
interference and Figure 5b is the image affected by interference, which clearly shows the large amount
of degradation. Figure 5c,e,g show the image suppressed by conventional piecewise STAP processing
where the numbers of sub-apertures are 16, 32 and 64, respectively.
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Figure 5. Cont.
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Figure 5. Imaging simulation result. (a) Image with no interference; (b) Before interference cancellation;
(c) Result of conventional STAP (M = 16); (d) Result of PC-STAP (M = 16); (e) Result of conventional
STAP (M = 32); (f) Result of PC-STAP (M = 32); (g) Result of conventional STAP (M = 64); (h) Result of
PC-STAP (M = 64).

It can be seen that the interference is effectively suppressed, but the azimuth focusing of the image
is reduced to a certain extent compared with the original image, as the variation of adaptive weight
vectors modulates the SAR waveform resulting in the image defocus. Figure 5d,f,h show the images
suppressed by the piecewise constrained STAP method proposed in this paper. While effectively
suppressing interference, the focusing performance is greatly improved. The processing result based
on the piecewise constrained GSC algorithm is almost the same as the piecewise constrained STAP,
which are not presented here. The target response characteristics are shown in Figure 6.
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Figure 6. Comparison of point target profile (M = 16): (a) Range profile; (b) Azimuth profile.
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A Hamming window is used in the SAR process in order to reduce the sidelobe levels. It can be
seen that the azimuth focusing performance of the conventional piecewise STAP processing is obviously
degraded due to the destruction of the echo phase continuity between sub-apertures, and the sidelobes
also increase to a certain extent. The result where the numbers of sub-apertures are 32 and 64 is similar
to that in Figure 6. The specific quantitative analysis including peak side lobe ratio (PSLR), integral
side lobe ratio (ISLR), and spatial resolution (3 dB width) of point targets are shown in Table 2.

Table 2. Evaluation results of point targets simulation.

Theoretical Azimuth Resolution 1.19m
Item Number of Sub-Apertures  Conventional Method Proposed Method
Simulation Azimuth M=16 148 m 127m
Resolution M=32 149 m 1.27 m
M =64 147 m 127 m
Simulation Azimuth M=16 -219dB/-16.4dB —25.2dB/-22.3dB
PSLR/ISLR M=32 -222dB/-17.7dB —-252dB/-22.3dB
M =64 -22.8dB/-17.9dB —25.2dB/-22.3dB

6. Measured Data Results

The algorithm is further validated by flight experiments. The data was collected by an X-band
multi-channel airborne SAR whose bandwidth is 200 MHz and the theoretical resolution is 1 m X 1 m.
The aircraft was flying along the southeast direction. The imaging area was located at 30 km,
and the squint angle was about 15°. The jammer fixed near the imaging area was about 3° away
from the main beam. The interference type transmitted by the jammer is wideband blanket jamming.
The interference-to-noise (JNR) ratio in the original SAR image is more than 15 dB before interference
cancellation. The total synthetic aperture time is 6.2 s, and the DOA of the interference varied about
2.5° during the period. Figure 7 is the SAR image before interference suppression and the ground echo
was completely covered by the interference.

Figure 7. SAR image before interference suppression.

Figures 8 and 9 are SAR images processed by conventional piecewise STAP and piecewise
constrained STAP, respectively. It can be seen that the proposed algorithm can effectively suppress
interference and improve azimuth focusing performance compared with the original algorithm.
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Figure 9. SAR images processed by piecewise constrained STAP.

In order to observe image quality improvement of the proposed algorithm more clearly, Figure 10
shows two local areas in the image. It can be seen that the proposed algorithm can significantly improve
the focusing effect of the image.

() (b)
Figure 10. Detailed results of a local area: (a) Result of conventional STAP (M = 16); (b) Result of
PC-STAP (M = 16).

Figure 11 shows the comparison of the point target profile, and the Hamming window is used in
the SAR process in order to reduce the sidelobe levels.
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Figure 11. Comparison of the point target profile (M = 16): (a) Range profile; (b) Azimuth profile.
To further evaluate the performance of the proposed algorithm, the measured parameters of PSLR,
ISLR, and spatial resolution (3 dB width) of the corner reflector in the SAR image were calculated,

and the results are listed in Table 3. We can find that the performance parameters of the proposed
algorithm are obviously superior to that of the conventional piecewise method.

Table 3. Evaluation results of point targets simulation.

Item Conventional Method Proposed Method
Azimuth Resolution 1.32m 1.09 m
Azimuth PSLR/ISLR —-13.8 dB/-10.6 dB —23.2dB/-19.1dB

7. Conclusions

Two improved STAP methods for SAR based on piecewise sub-apertures are proposed in this
paper. In these methods, the entire synthetic aperture time is divided into several sub-apertures and
the interference can be considered as stationary in each sub-aperture. The first algorithm is an element
space STAP implementation, which is designed for interference cancellation and azimuth focusing in
SAR by the piecewise data constraint. The second algorithm is the piecewise data constrained GSC,
which is equivalent to the element space STAP approach if there is no signal mismatch. The proposed
algorithms are validated through the model simulation and measured data to lay the foundation for
further airborne applications.
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