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ABSTRACT

This paper successfully implements compressed sensing (CS)
to a near-field wideband 3-D synthetic aperture radar (SAR)
imaging system. SAR data are measured at a low percent-
age of random-selected positions on a uniform grid of pla-
nar aperture in the stripmap mode. The near-field 3-D range
migration algorithm (RMA) is used in combination with the
CS principle to reconstruct the 3-D image via /; regularized
least-square approach. Experiments were performed with Q-
band stepped-frequency monostatic stripmap SAR imaging
system on a blue foam embedded with eight rubber pads and
one copper square chip. The results of the experiments show
near-field 3-D image of the specimen under test (SUT) can
be reconstructed efficiently from low percentage of the full
measurement positions, which largely lessens the data collec-
tion load. The reconstructed image was better focused and
denoised.

Index Terms— Near-field, 3-D radar imaging, com-
pressed sensing (CS), synthetic aperture radar (SAR), nonde-
structive testing and evaluation (NDT&E).

1. INTRODUCTION

Near-field synthetic aperture radar (SAR) imaging finds im-
portant applications in the area of nondestructive testing and
evaluation (NDT&E) [1] for its feasibility to acquire high-
resolution holographic images of specimen under test (SUT).
Microwave and millimeter wave NDT&E techniques have
been applied to diverse applications, such as detection and
evaluation of corrosion under paint and composite laminates,
fatigue crack detection and sizing in metal surfaces, dielectric
material characterization, etc.

However, data collection for near-field 3-D SAR imaging
imposes great challenges on wideband application of these
3-D imaging system. Conventional raster scanning usually
takes several hours to scan a 2’ by 2 area. Compressed sens-
ing (CS) theory delivers an idea of transferring the load of
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signal acquisition to signal reconstruction, which indicates its
potential applications in near-field 3-D SAR imaging. For re-
mote sensing with radar, the application of CS has been sur-
veyed extensively in [2], where fewer 3-D Fourier (k-space)
measurements are obtained at the airborne radar from multi-
ple elevation passes.

Unlike far-field SAR imaging, a spherical wave cannot be
approximated by a plane wave in near-field situation. Achiev-
ing complete wavefront curvature correction, the range migra-
tion algorithm (RMA) is considered as the more appropriate
near-field 3-D SAR imaging algorithm [3]. Also, near-field
3-D reflectivity image is usually formed by synthesizing a 2-
D planar aperture with a wideband radar. Compared with the
polar format algorithm (PFA), near-field 3-D RMA requires
additional 2-D cross-range Fourier transform and 1-D Stolt
interpolation [4] to acquire the k-space data. The major draw-
back of RMA comes from the inaccurate Stolt interpolation,
which results in shading and multiple mirror images of the
interrogated scene [5]. For sparse 3-D near-field imaging, it
is practical to perform 2-D pseudorandom sampling with uni-
form density on the 2-D aperture plane to extract the features
of SUT in 3-D Cartesian space exhaustively and decrease the
load of data collection simultaneously. With randomness of
the measurements, the major drawback of RMA can be mit-
igated in CS reconstruction by enforcing the sparsity of the
3-D image of SUT.

The previous method [6], based on nonuniform fast
Fourier transform (NUFFT) and seeking sparse domains
for the measurements, failed to converge for wideband 3-D
SAR representation using CS. In this paper, we propose a
new rigorous approach of near-field 3-D SAR imaging via
CS based on Stolt interpolation, and investigate the influence
of CS on the quality of reconstructed images. The exper-
imental data was collected by the wideband, monostatic,
stepped-frequency, stripmap SAR imaging system developed
at Missouri S&T. According to the a priori information of
SUT, suitable sparse domain of the reflectivity image was
chosen to demonstrate the performance of our near-field
sparse 3-D SAR imaging approach.
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2. COMPRESSED SENSING FOR 3-D RADAR
IMAGING

In radar imaging, compressed sensing methodology can re-
trieve the interrogated scene from fewer measurements with-
out losing much information [7]. Briefly, the basic idea for
far-field imaging via CS can be interpreted as

min||x|; subjectto Pg=r, Yg=x, (1)
X

where || - ||; denotes /;-norm, g € C"*! is the reflectivity of
the interrogated scene, ¥ € C™*" is the linear operator that
transforms from voxel representation into a sparse represen-
tation, and x € C™*! is the sparse representation of scene’s
reflectivity g. Also, ® € C™*™ (m < n) is the measurement
matrix, which reflects the acquisition of limited vectorized re-
ceived measurements r € C™*? for the scene’s reflectivity.

To ensure the solution of (1), ® and ¥ are to satisfy the
restricted isometry property (RIP) which is verified by mutual
coherence [8] calculated as 1 = max;xy, |(¢;, )| where ¢;
is the " column of ®, and 1y, is the k' row of ¥. The co-
herence measures the largest correlation between any two ele-
ments of ® and ¥, and lower coherence pairs help remove the
incoherent artifacts caused by sub-Nyquist sampling. Ran-
dom measurement matrix for ® is preferred owing to its large
incoherence with any fixed basis for W.

3. NEAR-FIELD 3-D SAR IMAGING VIA
COMPRESSED SENSING

3.1. Near-Field 3-D SAR Imaging

Consider a near-filed monostatic stripmap 3-D SAR imaging
system where data is collected by scanning the SUT over a
2-D planar aperture denoted as XY -plane. A point target is
characterized by its reflectivity function g(x’,y’, 2’). In 3-D
Cartesian space, we assume the dimension perpendicular to
the 2-D aperture plane as the Z-dimension and its origin is
located at the 2-D aperture plane. With near-field assump-
tion, the wavefront curvature is no longer negligible. Without
performing plane wave approximation for spherical wave, the
received spherical waveform at position (z,y) with temporal
angular frequency w is given by

e = [ [ [owy2)

xe I @D g 4y d2(2)

where w = 27 f with f being temporal frequency, k = w/c s
the wavenumber with c being the propagation speed of light,
and g(a/,y’, z") denotes the 3-D reflectivity function of SUT.
With plane wave decomposition for spherical wave, Fourier
transform and Stolt interpolation, the 3-D reflectivity function
of the SUT is give by [3] [9]

9(,y,2) = Zy3p {O{Fap [r(z,y,w)] e 771} (3)

where #5p denotes 2-D fast Fourier transform (FFT), % D1
denotes 3-D inverse FFT (IFFT), and ® denotes Stolt inter-
polator. Note that the distinction between the primed and un-
primed coordinate systems is now dropped because the coor-
dinate systems coincide after the FFT and IFFT.

Let P(ky,ky, k) represent the 2-D cross-range Fourier
transform of r(z,y,w) and G(k;, k,, k.) represent the 3-D
Fourier transform of the reflectivity function g(z, y, z), where
ks, ky, and k, are the wavenumbers in the x, y, and z dimen-
4k? — k2 — k2 in radar
wave propagation. Note that among the three traditional
SAR imaging algorithms (PFA, RMA, chirp scaling algo-
rithm (CSA)), only RMA is eligible for near-field 3-D SAR
imaging without distortion thanks to its unique capability of
correcting wavefront curvature completely. Under uniform
measurement grid, Stolt interpolation needs to obtain equis-
paced G(ky,k,, k) for 3-D IFFT operation. Alternatively,
nonuniform spaced G(kg, ky, k) can be transformed to the
reflectivity image by applying NUFFT [6]. In this paper, we
adopt the Stolt transform approach for its low computational
complexity. The complete image reconstruction procedure is
summarized as shown in Fig. 1.

sions, respectively, then k, =

3.2. Proposed CS Approach for Near-Field 3-D SAR
Imaging

To take the advantage of compressed sensing for near-field 3-
D SAR imaging, we are to design random and sparse mea-
surement matrix ® to lessen the workload of data collec-
tion. We place radar probe at a small percentage of randomly-
selected positions on the uniform XY grid. The backscatter
data at these positions are collected and saved as the raw data
vector r. Let U denotes the binary matrix, which is to se-
lect estimated received waveform at these random positions.
According to (3), we write the measurement operator ® as

®=UZ,p {0 {[Fsp()]e!**}} 4

where ® ! is the inverse Stolt interpolator.

In near-field imaging, the sparse domain of the reflectivity
image largely depends on the type of SUT. Point scattering
objects like corrosion under paint are sparse in the identity
domain, and smooth geometrical structures like rebar inside
the concrete may be sparse in the Fourier or wavelet domain.
Near-optimal sparse transform matrix ¥ will be selected ap-
propriately according to the a priori information of SUT.

For CS iterative reconstruction, we formulate (1) as the [,
regularized least-squares problem,

g= argmgin [®g — [+ M [Tl + ATVap(g) (5)

where g is the estimated reflectivity image, ® is defined in
(4), r is the vectorized incomplete SAR measurements, and
TVsp represents discrete 3-D total variation (TV)-norm de-
rived from [10]. Here, TV-norm is used to force the finite
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Fig. 1. Simplified block diagram for near-field 3-D range migration algorithm (RMA).

difference of SUT’s 3-D image. Especially for RMA in near-
field 3-D imaging, TV-norm is necessary for removing the
shadow and artifacts in the reflectivity image caused by inac-
curate Stolt interpolation. Moreover, A; and A5 are the regu-
larization parameters that determine the trade-off among mea-
surement consistency, sparsity in ¥ domain and finite differ-
ence domain, respectively.

To solve (5) efficiently, nonlinear conjugate gradient
(CG) descent algorithm with backtracking line search [11] is
adopted. The gradient of the /;-norm was approximated by
using the relaxation of the absolute value |u| = u*u + e,
where * denotes conjugate operator and e is a positive
smoothing parameter.

4. EXPERIMENT AND RESULTS

The experiment was performed on the near-filed monostatic
stripmap SAR imaging system at the Applied Microwave
Nondestructive Testing Laboratory (amntl) at Missouri S&T
as shown in Fig. 2. Using a wideband stepped-frequency
radar, a 2-D planar aperture was synthesized to receive the
backscatter data in the frequency band. One set of near-field
SAR measurement, blue foam data, was used to evaluate the
proposed CS based near-field 3-D SAR imaging.

Fig. 2. Near-field monostatic stripmap SAR imaging system
at Missouri S&T.

The blue foam data was collected for the SUT composed
of eight rubber patches and one copper patch placed on the
above of the blue foam. The standoff distance of the horn
antenna is 32 mm, and the scanning area is about 180 x 120
mm?. The sampling interval in the XY -plane is 2 mm in both
X and Y directions, and the stepped-frequencies is ranged
from 35.04 GHz to 44.64 GHz in the Q-band with a step-size

Fig. 3. Magnitude of the 3-D k-space coefficients of the blue
foam data.

of 0.64 GHz. The full set of the blue foam measurements is a
91 x 61 x 16 complex data cube corresponding to 7(z, y,w).
Using 3-D RMA directly, the magnitude of the k-space coef-
ficients G(k, ky, k) is shown in Fig. 3. Also, Fig. 4 shows
the recovered wideband 3-D image for the full set of blue
foam data, which indicates the specific positions of the nine
patches. As a result of power loss in the propagation path
of electromagnetic wave, the upper patches show higher con-
trast than the lower patches. Besides the environment noise,
the shadow of the patches and blue foam is also noticeable,
which is caused by the inaccuracy of Stolt interpolation.

For the blue foam benchmark, we randomly select 35% of
the XY positions for the scanning area. Fig. 5 shows the re-
constructed 3-D images of the nine patches CS. In solving (5),
more emphasis was put on enforcing the sparsity in the iden-
tity domain (A\; = 0.3) instead of finite difference domain
(A2 = 0.2). Comparing to Fig. 4, the shadow and artifacts
were removed completely, and nine patches were highlighted
with high signal-to-noise ration (SNR). By enforcing the spar-
sity in the objective function of CS model, the reconstructed
3-D image of the blue foam benchmark can keep the resolu-
tion unchanged even for sub-Nyquist sampling.

The CS reconstruction was performed in MATLAB
R2010a (x64) on system with the processor Intel(R) Core(TM)?2
Quad CPU Q9400 @ 2.66Hz 2.67 GHz and 8.00 GB RAM.
Since the maximum range Ry.x = c¢/(40¢) with d; be-
ing the frequency interval, R,,ax =~ 117 mm for the blue
foam benchmark. We set the sampling interval along the Z-
dimension d, = 1.667, so the data cube of the 3-D image had
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Fig. 4. Wideband 3-D image recovered from the full set of

blue foam data directly.
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Fig. 5. Wideband 3-D images reconstructed from 35% of the

full blue foam data via CS. \; = 0.3, \o = 0.2, ¥ = 1.

the dimension of 91 x 61 x 70. It took 40 seconds with 15
CG iterations to reconstruct the 3-D image shown in Fig. 5.
With 35% undersampling rate, the data collection time was

reduced significantly from 40 minutes to 14 minutes.

5. CONCLUSION

A compressed sensing (CS) technique has been successfully
implemented in a near-field wideband 3-D SAR imaging sys-
tem. By measuring only low percentage of the spatial posi-
tions randomly selected from uniform grid on a planar aper-
ture, the 3-D image is reconstructed efficiently by CS via [y
regularized least-squares approach with enhanced quality in
terms of more focused targets and reduced noise. The CS re-
construction via a PC is fast with negligible time compared

with data scanning time.
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