<]
TUDelft

Delft University of Technology

A Composite Joint Sub-aperture Imaging along Nonlinear Trajectories

Wang, Xuan; Krasnov, Oleg; Deng, Jiahao ; Tran, Dihn

DOI
10.1049/cp.2017.0463

Publication date
2018

Document Version
Final published version

Published in
The IET International Conference on Radar Systems 2017

Citation (APA)

Wang, X., Krasnov, O., Deng, J., & Tran, D. (2018). A Composite Joint Sub-aperture Imaging along
Nonlinear Trajectories. In The IET International Conference on Radar Systems 2017 (pp. 1-4). IET.
https://doi.org/10.1049/cp.2017.0463

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1049/cp.2017.0463
https://doi.org/10.1049/cp.2017.0463

A Composite Joint Sub-aperture Imaging along Nonlinear
Trajectories

Xuan Wang*', Oleg Krasnov', Jiahao Deng*, Dihn Tran'

*School of Mechatronical Engineering, Beijing Institute of Technology, China, X.Wang-5 @tudelft.nl
t Microwave Sensing, Signals and Systems, Delft University of Technology, the Netherlands

Keywords: Joint Sparsity, Compressive Sensing, Non-linear
trajectory, Radar Imaging.

Abstract

In this paper, an imaging algorithm for the airborne radar sys-
tem maneuvering along an arbitrary trajectory is proposed.
The algorithm aims at wide-angle imaging with incomplete
measurements from the nonlinear trajectory. The proposed
composite joint sub-aperture imaging algorithm provides high
reconstruction quality and supports efficient data collection
policy. The image can be reconstructed by combining im-
age patches corresponding to non-overlapping sub-apertures.
The image patch is obtained by compressive sensing with joint
sparse representation of the scene. Numerical results have
proved that the proposed algorithm is highly effective and ca-
pable of image reconstruction without much loss in quality,
especially on objects signature and contour.

1 Introduction

Airborne radar systems are widely used for detection and
surveillance in both military and civilian applications. In most
cases, the airborne platform trajectory is not ideal linear fight
path, especially for small aircrafts or drones flying at low alti-
tude [1]. Such aircrafts are more and more widely used, but do
not fly along straight path. Actually, the influence of weather
or wind can change the route of these aircrafts. Thus, imaging
along non-linear trajectory is a challenging task due to the exis-
tence of acceleration and the cross-range-dependent range mi-
gration. The geometrical correction should also be taken into
account for the imaging along nonlinear trajectories [2]. There
are already many researches on the SAR imaging with highly
nonlinear trajectories and also the advancements in GPS and
INS systems permit collection of corrected data across longer
times and arbitrary flight paths [3].

The non-linear trajectory of radar platform often covers a wide
angular range, and only limited amount of data can be acquired
and stored in practical applications. For a wide angle imag-
ing, the isotropic point scattering model is no longer valid,
the angular dependence of scattering amplitude become sig-
nificant [4]. On the other hand, wide angle imaging offers

significant potential advantage for object recognition and vi-
sualization, which holds a promise of higher resolution and
better information about the scene. In this way, the nonlinear
trajectory covering a wide angle can also be wisely utilized
with sparsity-driven [5] approach for better imaging perfor-
mance. In most cases, the imaging along non-linear trajectory
can meet the main requirements of a successful Compressive
Sensing(CS) reconstruction [6]. In this way, a composite joint
sub-aperture imaging algorithm based on CS is proposed in
this study for non-linear trajectories.

The outline of this paper is as follows. In Section 2, we anal-
yse the nonlinear trajectories with non-overlapping observa-
tion sectors, present the sparse model of the typical ground tar-
gets (land-based vehicle). In Section 3, the CS-based imaging
algorithm is proposed for sub-aperture and the composition for
the whole scene along the nonlinear trajectory. Both the joint
sparsity and size of the sub-aperture should be considered. In
Section 4, the composite joint sub-aperture imaging results are
given and compared with traditional imaging algorithms based
on the realistic civilian vehicle datasets. Conclusions and sug-
gestions for future research is presented in Section 5.

2 Sparse Modelling and Scene Description
2.1 Typical Non-linear Trajectory Analysis

A typical case of non-linear trajectory is the circular path (see
Fig.1(a)). Another case is a spiral trajectory with a fixed eleva-
tion angle shown in Fig.2(a). The Fig.1(b) and Fig.2(b) show
the top views of the two trajectories. The azimuth angle region
can be divided into N observation sectors. For both the circu-
lar and spiral trajectories, we get N non-overlapping sectors
within the 360 region based on azimuth angles .

2.2 Sparsity of the scene

At high frequencies, the electromagnetic scattered fields of the
targets with large electrical size can be well modeled by a dis-
crete set of scattering centers. The scattering center model pro-
vides a sparse abstraction of complex target scattering. In this
research, the land-based vehicle is the only target in the scene
observed by an airborne radar sensor at different positions. For
a full-aspect target representation, the airborne radar platform
moves along a circular trajectory as shown in Fig. 1(a). The
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Fig. 1: Typical non-linear trajectories. (a) A circular trajec-
tory;(b) The top view of the circular trajectory.
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Fig. 2: A typical spiral trajectory. (a) A spiral trajectory with
a fixed elevation angle;(b) The top view of the spiral
trajectory.

vehicle locates at the center point (0,0,0) of the scene with the
size of 6 x 6m? (see Fig.3).
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Fig. 3: Discretization of the scene

We discretize the whole scene to Ny scene points. In Fig.3,
the scene with a land-based vehicle locating in the center is
represented by matrix X with the size of M x M ( M = /N,
is integer). Since there is only one target of the scene, the
matrix X has at most k (k < +/N,) nonzero rows. We denote
x = vec(XT),x € CNe¢ . So vector x is sparse with only a
few nonzero entries relative to its dimension.

3 CS-based Joint Sub-aperture Imaging
3.1 Compressive Sensing Imaging Algorithm

The compressive sensing(CS) algorithm is exploited for image
reconstruction with a reduced number of measurements which
are selected randomly. Considering the stepped-frequency sig-
nal, the image reconstruction model can be written as:

Y = ¥X, 6]

where W is the sensing matrix. And we denote y =
vec(YT) € C/Ns, where J is the number of measurements
and Ny is the number of randomly selected frequencies of
the transceiver. We denote A = ¥7 @ I € C/*Na, where

T . .
A = [AlT,AQT,...,Aﬂ with J < Ny For the ith
transceiver, A; = exp(—j27f; ® ’TlT) € CNsxNa  where
£ =1, /%,..., f}\,f]T represents the randomly selected fre-
quencies and 7; = [71,7%,...,7%,]" represents the time de-

lays. Then the problem can be transformed into recovering a
vector x € CN¢ from measurement y,

y =Ax+m, 2)
where m represents the noises and clutters contributions of the
modeling.

CS-based image reconstruction is to solve the basis pursuit de-
noise (BP,) problem and the least square (L.S) problem with
the spectral projection gradient ¢;-norm (SPGL1) algorithm.
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3.2 Imaging for each sub-apertures

For efficient data acquisition and less data storage on board,
CS-based algorithm is a good option for image reconstruction.
Based on the analysis of observation sectors within the nonlin-
ear trajectory in Section 2.1, we can use the measurements of
each observation sectors for the image reconstruction, which is
the image patch of the scene.

In order to get better resolution, the image patch is recon-
structed for each sub-aperture corresponding to one observa-
tion sector. Considering N sub-apertures (or observation sec-
tors), we have

yi=Ax;+m,1 <i< Ng, 3)

where y; is the measurement vector in the ith observation sec-
tor, and x; is the vector of the image patch.

3.3 The composite of the joint sub-aperture for the whole
scene

For the same sub-aperture, the scene observed at different as-
pect angles share a joint sparsity, in the same observation sec-
tor, the dominant reflectors of the scene are the same. Assum-
ing that there are totally K measurements for the sub-aperture
at different aspect angles, the vector x/,1 < j < K has the
same structure of sparsity, while the different vectors x; of dif-
ferent observation sectors are different and independent. For
the nonlinear trajectory, the observation of the scene changes
variously. For providing high spatial resolution, the imaging
for each joint sub-aperture can compensate the maneuve abil-
ity of the platform. Both the size of the sub-aperture and the
maneuvering of the platform should be considered for imaging
along the nonlinear path.

The sub-aperture should be wisely designed. For a large sub-
aperture covering a wide range of trajectory, the joint spar-
sity will be weakened due to the maneuvering of the platform.
At the same time, the resolution of the image patch will be
bad if the sub-aperture is small with less number of measure-
ments. After the reconstruction of image patches as Equa-
tion(4), the whole image can be obtained by compositing the
image patches.

Y1 A,y o ... 0 X1
AP 0 A2 0 Xo

= +m
YNg 0 0 ANR XNp

For the total Ny observation sectors, /Nr image patches can be
obtained. Then, we can get

Ngr
x =Y xi,1<i<Ng, ®)
i=1
where x is the vector of the image matrix for the whole scene.

4 Numerical Simulation

In this section, we present imaging results based on the civilian
vehicle data dome (CV Dome) of a Toyota Tacoma, generated
by high-frequency electromagnetic scattering code. The radar
database is measured using circular trajectory, which is pro-
vided by the Sensor Data Management System [7]. The phase
data are collected over 360° azimuths at 30° elevation, with the
angular step of 0.0625° and 512 frequency bins within the fre-
quency bandwidth B of 5.35GHz around the center frequency
fe of 9.6GHz. The whole scene is reconstructed as a 210x210
spatial image.

(a) (b)
Fig. 4: Discretization of the scene.(a) One obsevation sector of
60°; (b) Three observation sectors of 20°.

First, we choose N = 6, so the sub-aperture covers 60° angle
region (see Fig.4(a)). CS algorithm and Back Projection (BP)
algorithm are respectively exploited with randomly chosen 150
frequencies out of 512 and 15% measurements (see Fig. 5). It
is clear that the BP is not effective in this case.

Fig. 5: Imaging results with incomplete dataset for one sub-
aperture of 60°.(a) CS imaging; (b) BP imaging.
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Then, we choose Nrp = 18, with sub-aperture covering
20°(see Fig.4(b)). With the same amount of data (150 fre-
quencies out of 512 and 15% measurements), the composite
of 3 sub-aperture imaging result of 20° is depicted in Fig.6,
which covers the same angle region of 60° with better resolu-
tion compared to Fig.5(a).

x (m)

Fig. 6: Composition joint sub-aperture imaging

Fig. 7: Imaging results of the whole land-based vehicle.(a)
Composition 18 joint sub-apertures imaging result;(b)
BP imaging results with full dataset.

The composite image of the whole vehicle is depicted in
Fig.7(a), with 18 jointly reconstructed image patches corre-
sponding to the 18 non-overlapping observation sectors. We

use BP with the full data set to reconstruct the image of the
whole vehicle, which is shown in Fig.7(b). Obviously, the
composite result is consistent with the BP result, with much
less data used for processing. The composite joint sub-aperture
imaging algorithm is also effective for arbitrary trajectories
with proper divided observation sectors.

5 Conclusion

A composite joint sub-aperture imaging algorithm is proposed
for airborne radar systems flying along nonlinear trajectories.
Using joint sparsity of each sub-aperture, a total target image
is formed. The incomplete dataset is considered with CS al-
gorithm for efficient data measurement and storage in practical
applications. The proposed algorithm is tested on realistic data
obtained from CV Dome datasets. Images, resulted from the
algorithm proposed, are much sharper than those, which are
produced by a classical algorithm. This observed superior per-
formance of the algorithm lays a foundation for many practical
applications in the future.
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