is linked to the fact that the near field of the antenna concentrates in the sandwich, and couples less to the arm. This was
confirmed by calculating the electric field (E-field) distributions
around the body model at the FCC midband 6.85 GHz. Figure 3
illustrates the normalized E-field distribution in a logarithmic
scale in the x-z and y-z planes. It shows less field strength
toward the body, even when these small loads are applied. The
colors representing the normalized E-field go from blue (weak
E-field) to green to yellow to red (strong E-field). Simulations
show that loading also slightly improves the antenna efficiency
in proximity to the body. It is worth mentioning that due to the
high permittivity of the human tissues, which acts as a sort of
additional substrate, a downshift in the lower edge of the 210
dB frequency bandwidth is observed when comparing results in
free space and in presence of the body. In general, if the distance between the antenna and the body is reduced, the bandwidth shift increases. Nevertheless, the overall agreement
between the results is acceptable. Based on the measurement
results, loading the antenna increases the antenna impedance
matching by 22% with respect to the unloaded antenna, and
clearly shows the improvement caused by applying this
technique.
Then, the distance was increased to 7 mm with the use of an
extra 4-mm spacer. This was intended to check the changes in
the antenna behavior as it moves away from the body. Measurement results are illustrated in Figure 2. It can be seen that when
the distance increases from 3 to 7 mm results become more similar to those obtained in free space. Therefore, as expected, the
antenna impedance matching increases: 4.5% for the loaded and
28% for the unloaded prototype. As mentioned, the loading does
not detune the antenna in free space; it is thus expected that the
total bandwidth for the loaded and unloaded antennas
approaches the same value when moving away from the body.
This fact was confirmed, as seen in Figure 2, the total bandwidth for the loaded and unloaded prototypes are 6.7 and 6.9
GHz, respectively. Thus, applying the technique could result in
a significant improvement near the body, and the loading effect
decreases when the antenna moves away from the body, as
expected.
4.
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V

COMPRESSED SENSING-BASED
IMAGING OF MILLIMETER-WAVE ISAR
DATA

CONCLUSION

This article presents a technique to enhance the impedance
matching of an antenna when it is placed close to the human
body making use of dielectric sandwich loading. This lessens
the body influence due to the reactive fields’ confinement in the
dielectric loads without inducing side effects on the antenna performance, that is, efficiency decrease. A loaded UWB antenna
prototype was compared to an unloaded one through measurements both in free space and near a human arm. Free space
results confirm that loading neither detune the antenna nor
decrease the efficiency. It was found that in a body proximity
scenario for 3-mm distance between the antenna and the arm
surface, loading the antenna increases the impedance matching
by 22%. These results clearly show that this technique leads to
suitable solutions for designing antennas for future WBAN
applications.
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ABSTRACT: High-resolution radar imaging requires wide bandwidths
and highly dense samplings of both time/frequency and spatial domains.
However, the rapidly developing field of compressive sensing (CS)
breaks this rule and paves a way for simultaneously achieving highresolution imaging with a significantly reduced number of samples.
Although CS is seemed to be an intuitively attractive approach, the
ongoing studies have shown the application of CS to synthetic aperture
radar (SAR) data to be a challenging task in practice. In this work, as a
contribution to these efforts, we address the potential use of CS in
millimeter-wave inverse SAR (ISAR) imaging. Various simulation and
experimental imaging results are presented to demonstrate the validity
and the robustness of the proposed CS-based reconstruction from very
C 2013 Wiley Periodicals, Inc. Microwave Opt Technol
limited samples. V
Lett 55:2967–2972, 2013; View this article online at wileyonlinelibrary.com. DOI 10.1002/mop.27969
Key words: compressed sensing; compressive sampling; synthetic aperture radar; inverse synthetic aperture radar

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 55, No. 12, December 2013

2967

1.

INTRODUCTION

Ground-based synthetic aperture radar (SAR) imaging has popular applications such as concealed weapon detection (CWD)
[1,2], through-the-wall radar imaging (TWRI) [3,4], foreign
object debris [5] detection, and so forth. These applications,
however, generally face some difficulties that mainly arise from
the demands for high-resolution and nearly real-time imaging.
Specifically, high-resolution imaging requires large bandwidths
in data collection and hence high-sampling rates along both
time/frequency and spatial directions. Therefore, a vast amount
of data has to be acquired and processed, especially when dealing with three-dimensional (3D) imaging systems, which may
further limit the feasibility of fast imaging and reducing data
storage burden. The conventional approach to this problem
assumes sampling and compression as two separate processes
and applies compression to the full-sampled signal [6]. On the
other hand, compressed sensing (CS) introduced in [7,8] has a
new compression/decompression approach which directly
acquires the compressed representation of the signal. According
to CS theory, it is possible to reconstruct sparse or compressible
signals from a small set of linear measurements. Besides, if
properly selected (i.e., random, noisy-like), the number of these
measurements can be much smaller than the Nyquist rate which
obviously provide distinct advantages in terms of data acquisition and processing.
Consequently, the possible use of CS in SAR imaging has
recently attracted a growing interest [9–27]. In [9–15], the CS
concept has been tested for traditional airborne/spaceborne SAR
imaging and through the simulation [9–12] and the experimental
[13–15] results. Circular SAR (CSAR) imaging is another
modality that has also received considerable attention for its CS
applicability [16–20] mainly due to its substantial data outcome.
Various numerical [16–18] and real [19,20] examples have been
presented for this challenging task of CSAR imaging. Some
ground-based imaging results for TWRI [21–25], linear-SAR
[26], and inverse SAR (ISAR) [27] applications have also been
demonstrated. On the whole, these studies have shown the application of CS to SAR imaging to be challenging in practice and
highly depends on the sparsity of the encountered SAR signal.
This sparsity; in turn, is highly related to the investigated scene
and employed imaging geometry. For example, the backscattering signal is expected to have high sparsity due to the existence
of a small number of strong scattering centers for turntablebased ISAR or equivalently ground-based annular/circular
motion SAR imaging [28]. Thus, the CS approach may be readily exploited in numerous applications that utilize these scanning
geometries, such as in CWD problem.
In this article, the utility of using CS in millimeter-wave
ISAR imaging is studied. The simulation and experimental
results are demonstrated to assess the potential uses, benefits,
and limitations of CS in the case of a highly undersampled, Wband ISAR data. The article is organized as follows: next section contains a brief overview of the CS theory. In the third section, the echo model for a 2D ISAR signal is derived. In the
next section, the CS-based reconstruction technique is described
based on this constructed model. Fifth section presents the simulation and experimental results for the millimeter-wave scattering responses of various threat-like targets. The conclusions and
discussions are given in the final section.
2.

COMPRESSED SENSING BASICS

The CS theory basically states that a discrete signal of interest
expressed as a vector r 2 CQ can be exactly reconstructed with
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Figure 1 Geometry for a 2D monostatic ISAR imaging. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

a few number of samples compared to the Nyquist rate, provided that it is compressible (i.e., sparse) in some orthonormal
basis. Hence, r can be represented as r5Wa where W 2 CQ3Q
is a matrix whose columns hold the basis vectors and a 2 CQ is
the coefficient sequence of r which have only S  Q nonzero
components. Within CS terminology, the signal is assumed to
be collected through linear projections, y5Ur, where y 2 CJ is
a vector of measurement samples and U 2 CJ3Q is known as
the measurement matrix with J < Q . Noting the compressed
representation of r, this linear measurement model can also be
described as
y5Ur5UWa5Ha

(1)

where H5UW is a J3Q matrix. The CS theory tells us that if
H satisfies the restricted isometry property (RIP), which is also
closely related to the mutual incoherence between the measurement matrix U and the representation basis W, a sparse approximation of the unknown vector a can be obtained through Eq.
(1) [7,8]. This recovery can be implemented by searching for
the sparsest vector ~a for the given measurements y and is generally referred to as the optimization problem with the ‘0 -norm,
which is expressed as “a5argmin ~a k~a k subject to y5UW a~”
where the ‘0 -norm denoted by k  k0 represents the number of
nonzero elements in a vector. Solving this; however, is a NPhard (nondeterministic polynomial-time hard) problem which
cannot be easily achieved in practice. Nevertheless, the sparse
solution can be alternatively found by either replacing ‘0 -norm
minimization with an easier ‘1 -norm minimization or by using a
greedy algorithm such as orthogonal matching pursuit. Finally,
it is worth noting that for random, noise-like measurement matrices U and for a total of j measurements satisfying
J  OðS log ðQ=SÞÞ, a unique stable solution for the S-sparse
signal a can be obtained with high probability [8].

3. ISAR SIGNAL MODEL

Data collection geometry for a 2D monostatic ISAR imaging is
shown in Figure 1. The target is represented by a reflectivity
function rðx; yÞ and illuminated by an antenna positioned at the
Cartesian coordinates ðx; yÞ5ðRcos h; Rsin hÞ where R is the
range from the antenna location to the scene center (i.e., coordinate origin) and h is the instantaneous look-angle. Assuming the
target is composed of a total of P number of independent point
scatterers, the received echo signal at some look-angle h can be
expressed, for a frequency domain radar system as
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yh ðkÞ5

P
X

rp exp 2jkRp ðhÞ

(2)

p51

where k is the wavenumber defined for the two-way propagation
as k54pf =c, f is the frequency, c is the speed of light, and
Rp ðhÞ is the range from the antenna location to the p-th scatterer. Considering a near-field scanning geometry, Rp ðhÞ can be
written as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2 
2
Rp ðhÞ5 xp 2x 1 yp 2y

(3)



where xp ; yp denotes the coordinates of the p-th scatterer for a
specific rotation or look-angle h and (x,y) is the coordinates of
the fixed antenna position. Hence, a 2D ISAR data yðk; hÞ is
acquired by measuring the target response over various lookangles.

4.

ISAR IMAGING VIA CS

Considering again the geometry shown in Figure 1, let us
assume that the frequency (wavenumber) and the angular data
are collected for a total of K and L points, respectively, which
both obey the Shannon/Nyquist criteria. Thus, a K3L size
matrix data of the ISAR echo signal yðk; hÞ is produced. By
dividing the 2D image scene into M3N pixels, the received signal also given in Eq. (2) can be written for this case as

yðku ; hv Þ5

N X
M
X
n51

r ðxmn ; ymn Þ  exp f2jku Rmn ðhv Þg

m51

(4)

where xmn, ymn denotes the pixel coordinates, Rmn ðhv Þ5
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 
2
xmn;hv 2x 1 ymn;hv 2y , u51; 2; …; K and v51; 2; …; L. Let
us define A 2 CKL3MN as the measurement matrix of the echo
signal with elements Auv ðxmn ; ymn Þ5exp f2jku Rmn ðhv Þg and
reshape 2D matrices y 2 CK3L and r 2 CM3N as 1D vectors
that are formed by stacking their columns. Then, Eq. (4) can be
written in vector form as
y5Ar1n

(5)

where n represents the additive noise. It is assumed that the target reflectivity r is a S-sparse vector, that is, it has only
SðS  MN Þ number of entries that contain most of the information of the scene. This reflectivity vector can be expressed in an
orthonormal basis W 2 CMN3MN as
r5Wa

(6)

where a is the coefficient sequence of r whose nonzero entries
represent the S strongest scattering centers. So, the linear representation model of the measured signal given in Eq. (5) can be
written as
y5AWa1n

(7)

Now, according to the CS theory, it is possible to completely
reconstruct the sparse vector a with a very small number of
samples of the measured signal y. Thus, J ðS  J << KLÞ rows
of the measurement matrix A and corresponding values of y can
be selected randomly to confine the RIP condition as well. In
this case, new measured signal model for the CS reconstruction
can be obtained as

Figure 2 Images of the simulation targets (left: point scatterer model, middle: BP result, right: CS result). (a) a knife and (b) a handgun. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 3 Photos and imaging results of various target scenes (left: sample photo of the target scene, middle: BP result, right: CS result). (a) Five metal
cylinders, (b) 2 cm metal cube, (c) A metal handgun, and (d) a metal handgun covered with a warm winter coat. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

yp 5UAWa1n5Ha1n

(8)

where U 2 RJ3KL is the orthonormal basis matrix formed by random
selection of the J rows of a KL3KL size identity matrix and H is the

2970

final measurement matrix. With this constructed model for the ISAR
echo signal, a sparse approximation of a can be found via one kind of
optimization problem mentioned in section 2, from which the desired
complex reflectivity function r can be subsequently derived.
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5.

SIMULATION AND MEASUREMENT RESULTS

In this section, we demonstrate the performance and effectiveness of our CS-based reconstruction technique on both the synthetic and the real-ISAR data. The main attention was given to
the assessment of the CS usage in a typical CWD problem.
Therefore, near-field thread-like objects that were illuminated
with W-band (75–110 GHz) radiation was considered throughout
the study. Despite the 3D imaging requirements of these applications; first, we considered here only the 2D imaging geometry
to validate and evaluate the CS approach to have a simpler configuration. In all examples, the sparse approximations of the target reflectivity functions were found by using a widely known
greedy reconstruction algorithm, namely COSAMP [29]. Imaging results of a near-field back-projection (BP) algorithm [30]
were obtained as well for comparison purposes. It is also worth
noting that, all BP images were reconstructed onto 1283128
data-grid, whereas the CS ones were obtained for 55355 datagrid due to the memory-size limitations.
Two simulation examples were studied under point scattering assumption of isotropic uniform reflectivity. In the first
example, a knife-like object was taken as the target and represented with 139 perfect point scatterers of equal magnitudes
as shown in Figure 2(a). Assuming near-field illumination,
data were collected for the frequency span of f580 to 100
GHz sampled at K5401 points and the angular span of
h50 to 180 sampled at L5721 points. Thus, K3L5289121
measurements of ðf ; hÞ pair were acquired. The results of the
application of the traditional BP algorithm and the proposed
CS-based algorithm are shown in the middle and right images
of Figure 2(a), respectively. The CS result was obtained by
using only the 2200 random samples of the total ðf ; hÞ measurements which correspond to 0:76% of the whole data. Comparing with the BP result, the CS method yields an accurate
representation of the scattering mechanisms with appropriate
intensity levels. In the second example, a handgun was
assumed and modeled by 123 perfect point scatterers whose
coordinates are shown in Figure 2(b). In this case, the frequency bandwidth was reduced to 10 GHz ranging from 85 to
95 GHz, and the angular width was also reduced to 90 , spanning from 0 to 90 . Considering the spatial extents of the
handgun, total number of the frequency and the angular sampling points were again set to K5401 and L5721 to satisfy
the Shannon/Nyquist criteria. The middle image of Figure 2(b)
shows the reference BP result; whereas, the right image shows
the reconstructed image using CS with 5200 samples (i.e.,
1:79% of the whole dataset). As before, the target was imaged
accurately thereby demonstrating the success of the CS
method on the synthetic data.
The real experiments were conducted within the indoor
anechoic chamber facility of the International Laboratory for
High Technologies (ILHT) at Scientific and Research Council
of Turkey-Marmara Research Center (TUBITAK-MRC). As
shown from the pictures given in Figure 3, the system involves
a vector network analyzer with the stepped frequency continuous wave operation, two circular horn antennas set to be operated at quasimonostatic configuration, a turntable and a
styrofoam block onto which targets are mounted. In all experiments, the antenna-to-target distance was kept to a fixed value
of 1.3 m and the collected data were calibrated by the help of
a metal sphere. Four different target scenes whose pictures are
given in the left column of Figure 3 are considered. The corresponding imaging results for the BP and the CS method are
shown in the middle and right columns, respectively. In the
first experiment, the scene with five metal cylinders was
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tested. Due to the point-like reflection mechanism of these targets, the reflectivity function was expected to have high sparsity and to be easily reconstructed by the CS approach. The
ISAR data were collected for the frequency range of f580 to
102.06 GHz with K5256 sampling points and the angular coverage of h50 to 60 with L5241 points. The CS result
obtained by using 9:4% of the received data is given in the
right image of Figure 3(a). Comparing with the BP result, it is
shown that actual target positions and amplitudes are clearly
reconstructed, while a few false mappings can also be seen
within the dynamic range of 220 dB. In the second experiment, a 2 cm3 metal cube was used as a slightly more complex
scene. The scattered radiation was collected with the following
parameters: f580 to 100 GHz sampled at K5256 points and
h50  360 sampled at L5361 points. The CS result with
6:27% random echo samples indicates the efficient reconstruction of the target shape of very small size. In the third experiment, a metal handgun was used to evaluate the performance
of the CS technique on ISAR imaging for a more complex test
scene. A vast size of data with 256314415368:896 measurement points were acquired for the investigated bandwidth
between 80 and 90 GHz and for the whole angular width from
0 to 360 . The middle image of Figure 3(c) shows the result
of the BP processing of the all samples, whereas the right
image shows the results of the CS processing of the randomly
selected 1:57% samples of the whole collected dataset. It can
be commented that although the CS-based imagery retains considerably less target information, it is still possible to identify
the target shape from the accurate representation of the dominant scattering centers. In the last experiment, a handgun was
covered with a warm winter coat and scanned by using the
same parameters of the previous experiment. This arrangement
leads to quite disturbing effects on the target response which is
evident from the BP imaging results given in the relevant figures of Figures 3(c) and 3(d). Nevertheless, the CS approach is
shown to be not affected by this degradation and provide sufficient features to effectively image the target for detection and
identification despite the negative effects caused by the covering material of the handgun.
6. CONCLUSION

In this study, the feasibility of using CS for near-field millimeter-wave ISAR imaging has been investigated through the
numerical and the measurement examples. Simulation results
were obtained under the ideal isotropic point scattering assumption and yielded almost perfect imagery wherein the targets
were successfully identified. The experimental results obtained
within an anechoic chamber room mostly demonstrate the validity of the CS technique especially for less complex scenes composed of cylindrical and cube shaped targets. Nevertheless, as it
can be shown from the imaging results of the handgun target,
the increasing complexity of the test scene may somewhat limit
the performance of the CS method. As a final note, although it
is not presented here, it was also observed that increasing the
number of random samples would have a beneficial impact on
the success of the CS-based reconstruction. Yet, satisfactory
results has also been achieved even for the case of very few
number of samples (e.g., 1:57% of data).
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ABSTRACT: In this article, a coplanar waveguide (CPW)-fed ultrawideband (UWB) antenna with two sharp frequency rejection functions is
proposed. The dual band-notched characteristic is realized by etching a
stepped impedance split-ring resonator (SISRR) and a stepped impedance resonator (SIR) in a circular radiating patch and a CPW transmission stripline, respectively. The central frequency of the two notch bands
can be controlled by adjusting the SISRR and the SIR parameters. Simulation and experimental results obtained for this antenna show that it
exhibits a good radiation behavior within the UWB frequency range and
it also has the dual band-notched characteristics in the wireless localarea networks band and X-band, which can mitigate the potential interference between UWB systems and the designated existing narrow-band
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